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PREFACE TO ORIGINAL EDITION. 


The present book has for its object the presentation of the 
lectures which I delivered as foreign lecturer at Columbia Uni- 
versity in the spring of the present year under the title : ‘The 
Present System of Theoretical Physics.” The points of view 
which influenced me in the selection and treatment of the 
material are given at the beginning of the first lecture. Essen- 
tially, they represent the extension of a theoretical physical 
scheme, the fundamental elements of which I developed in an 
address at Leyden entitled: ‘‘ The Unity of the Physical Concept 
of the Universe.” Therefore I regard it as advantageous to 
consider again some of the topics of that lecture. The presen- 
tation will not and can not, of course, claim to cover exhaus- 
tively in all directions the principles of theoretical physics. 


THe AUTHOR. 
BERLIN, 1909. 


TRANSLATOR’S PREFACE. 


At the request of the Adams Fund Advisory Committee, and 
with the consent of the author, the following translation of Pro- 
fessor Planck’s Columbia Lectures was undertaken. It is hoped 
that the translation will be of service to many of those inter- 
ested in the development of theoretical physics who, in spite of 
the inevitable loss, prefer a translated text in English to an 
original text in German. Since the time of the publication of 
the original text, some of the subjects treated, particularly that 
of heat radiation, have received much attention, with the result 
that some of the points of view taken at that time have under- 
gone considerable modifications. The author considers it de- 
sirable, however, to have the translation conform to the original 
text, since the nature and extent of these modifications can 
best be appreciated by reference to the recent literature relat- 
ing to the matters in question. 


A. P. WILLS. 
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INTRODUCTION 


Max Planck’s long life (1858-1947) encompassed the heights of 
scientific accomplishment, two cataclysmic wars, and the tragic 
deaths of his four children. Near its end he wrote: “Our every 
starting-point must necessarily be something relative. . . . Our 
task is to find in all these factors and data, the absolute, the uni- 
versally valid, the invariant, that is hidden in them.”' The search 
for the absolute was the guiding theme of Planck’s life. It began 
with “a revelation, the first law I knew to possess absolute, uni- 
versal validity, independently from all human agency: the princi- 
ple of the conservation of energy.” But most of all he was drawn 
to the second law of thermodynamics: “there are processes in 
nature which in no possible way can be made completely 
reversible.” In the concept of irreversibility Planck expressed his 
vision of the absolute which led him to discover quantum theory 
in 1900.’ 

Planck’s path to the quantum began with the assumption that 
the irreversible increase of entropy was as absolute a law as the 
conservation of energy. Beginning in 1897 he turned to the prob- 
lem of the spectrum of electromagnetic radiation in a “black 


‘Max Planck, Scientific Autobiography and Other Papers (New York: Philosophical 
Library, 1949), p. 47; original text in Max Planck, Physikalische Abhandlungen und 
Vortrdge (Braunschweig: Friedrich Vieweg & Sohn, 1958), hereafter cited as PAV, not- 
ing volume and page numbers, in this case 3.374-401. 


*In 1897 Planck first published his Treatise on Thermodynamics, tr. Alexander Ogg 
(Dover, 1945) [translation of seventh German edition, 1922]. 


‘See the extremely helpful introduction by Allan A. Needell to Max Planck, The 
Theory of Heat Radiation (New York: Tomash/American Institute of Physics, 1988), 
pp- xi-xlv as well as his “Irreversibility and the Failure of Classical Dynamics: Max 
Planck’s Work on the Quantum Theory 1900-1915” (unpublished doctoral disserta- 
tion, Yale University, 1980). 
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body,” a box with perfectly absorbing walls heated to incandes- 
cence, basically an oven with a small hole which allows some of 
the radiation to escape.’ The light from an ordinary light bulb 
gives a fair approximation to the radiation emerging from an ide- 
alized black body. Kirchhoff had argued in 1859 that such radia- 
tion must have certain universal, absolute qualities regardless of 
the material of the box. Planck decided to use an idealized model 
to determine these absolutes. In his thought experiment he imag- 
ines inside the box a single “resonator,” a pair of equal and oppo- 
site charges connected by a hypothetical spring. This resonator 
comes to equilibrium immersed in the field of electrodynamic 
radiation; Planck applied Maxwell’s equations to find the distrib- 
ution of energy in the box. 

Sharp criticism by Ludwig Boltzmann caused him to change 
directions. Boltzmann objected that Planck’s model used only 
perfectly reversible fundamental processes and hence could never 
explain the irreversible transformation of energy into radiant heat 
in the glowing oven. Instead, the molecular chaos of the initial 
state leads to irreversibility. Planck saw the force of these argu- 
ments and, in 1898, began to apply to radiation what he had 
learned from Boltzmann. However, Planck still held that entropy 
could never decrease, even though Boltzmann thought it was pos- 
sible, though unlikely. 

By October 1900 Planck’s colleagues Rubens and Kurlbaum 
presented important new data on the spectrum of radiation 
emerging from the black body. In order to fit that data Planck 
was forced to modify Boltzmann’s techniques by requiring that 


‘For general background see Max Jammer, The Conceptual Development of Quantum 
Mechanics (New York: McGraw-Hill, 1966), pp. 1-28; Armin Hermann, The Genesis of 
Quantum Theory (1899-1913) (Cambridge: MIT Press, 1971); Hans Kangro, Early 
History of Planck’s Radiation Law (London: Taylor & Francis, 1976); Jagish Mehra 
and Helmut Rechenberg, The Historical Development of Quantum Theory (New York: 
Springer-Verlag, 1982), vol. 1, pt. 1, pp. 23-99, and pt. 2, pp. 613-639; Christa 
Jungnickel and Russell McCormmach, Intellectual Mastery of Nature (Chicago: 
University of Chicago Press, 1986), vol. 2, pp. 248-252, 260-268; Thomas S. Kuhn, 
Black-Body Theory and the Quantum Discontinuity 1894-1912 (Chicago: University of 
Chicago Press, 1987), pp. 3-71. 
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the energy of the resonator “be composed of a well-defined num- 
ber of equal parts” or “energy elements”, rather than “a contin- 
uously divisible quantity,” as classical electromagnetic theory 
implied.* This was the “most essential point” of the theory he 
announced on December 14, 1900, which fit the data of Planck’s 
experimental colleagues very well and also predicted the value of 
several important atomic constants.’ The full magnitude of his 
discovery went relatively unnoticed for several years, during 
which Planck published a fuller account of his application of 
thermodynamics to radiation.’ 

By 1907 a number of physicists, including H. A. Lorentz, real- 
ized the significance of Planck’s work. Albert Einstein used 
Planck’s quantum postulate in an even more radical way in his 
light-quantum paper of 1905. In 1908 Lorentz invited Planck to 
Leiden to lecture on “The Unity of the Physical World Picture.” 
In this lecture Planck began to give a deeper account of his quan- 
tum theory based on his assertion that in order to reveal the 


‘The writings of Martin J. Klein emphasize Planck’s use of thermodynamics: “Max 
Planck and the Beginnings of the Quantum Theory,” Archive for History of Exact 
Sciences 1, 459-479 (1962); “Planck, Entropy, and Quanta, 1900-1906,” The Natural 
Philosopher 1, 83-108 (1963); “Thermodynamics and quanta in Planck’s work,” 
Physics Today 19:11, 23-32 (1966); “The Beginnings of the Quantum Theory” in 
History of Twentieth Century Physics: Proceedings of the International School of Physics 
“Enrico Fermi,” Course LVII (New York: Academic Press, 1977), pp. 1-39. See also the 
summary given in Klein’s biographical study Paul Ehrenfest: Volume 1, The Making of 
a Theoretical Physicist (New York: American Elsevier, 1970), pp. 217-230. 


‘This paper, “On the theory of the Energy Distribution Law of the Normal 
Spectrum” (PAV 1.698-706), along with the brief announcement Planck gave on 
October 19, 1900 (PAV 1.687-689), is included in Planck’s Original Papers in Quantum 
Physics, ed. Hans Kangro, tr. D. ter Haar and Stephen G. Brush (London: Taylor & 
Francis, 1972), pp. 37-45; the phrases cited are on p. 40. 


In 1906 Planck gave a detailed treatment of the black body in his The Theory of 
Heat Radiation, tr. Morton Masius (Dover, 1993) [translation of second German edi- 
tion, 1913]. For early responses see Elizabeth Garber, “Some Reactions to Planck’s 
Law, 1900-1914,” Studies in History and Philosophy of Science 7, 89-126 (1976) and 
Kuhn, Black-Body Theory, pp. 134-140. 


*Reprinted under the title “The Unity of the Physical Universe” in Max Planck, A 
Survey of Physical Theory (Dover, 1991), pp. 1-26; PAV 3.6-29. 
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absolute any trace of anthropomorphism had to be removed from 
physical theory. 

In 1909 Planck delivered a series of eight lectures at Columbia 
University giving an overview of the new situation in physics, in 
which he had played such a signal part, and carrying further the 
ideas he had broached at Leiden. Lorentz had already visited 
Columbia to lecture in 1906; at the time Planck came his ideas 
were just beginning to enter the curriculum of American univer- 
sities, particularly at the University of Chicago under Robert A. 
Millikan’s aegis.’ Planck’s Columbia lectures began on April 23 
and were given over four consecutive weekends. Each Friday a 
general lecture preceded a more technical lecture the following 
day. These lectures, which he repeated in Leipzig in 1910, give a 
fascinating perspective on how he understood the new departures 
which he had initiated in 1900. 

The first, third, fifth, and sixth lectures present his account of 
these developments. The reader is given an invaluable opportuni- 
ty to witness Planck’s thought processes on the level of philo- 
sophical principles as well as in their application to the physical 
processes on the microscopic and macroscopic scales. Throughout, 
he calls attention to anything “anthropomorphic” and moves 
toward invariant, universal principles. He shows the centrality of 
statistical ideas in purifying thermodynamics of the limitations 
of ordinary practical applications. From this, he points to the dis- 
tinction between reversible and irreversible processes as the 
touchstone of the new physics. For Planck, the unavoidability of 
irreversible processes leads toward the introduction of atomicity 


at the fundamental level of physics. Nowhere else in his writings 


"For detailed discussion of the American response to quantum theory at that time 
see Katharine Russell Sopka, Quantum Physics in America: The years through 1935 
(New York: Tomash/American Institute of Physics, 1988), pp. 26-46. For the influence 
of Millikan see Gerald Holton, “On the Hesitant Rise of Quantum Physics Research 
in the United States,” in Thematic Origins of Scientific Thought: Kepler to Einstein, 
revised edition (Cambridge: Harvard University Press. 1988), pp. 147-187. Planck’s 
1909 lectures were translated into English by Albert P. Wills (1873-1937), a professor 
of mathematical physics at Columbia University who had studied at Gottingen and 
Berlin in 1898-1899. 
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does Planck present his argument in a more trenchant or com- 
pelling form. 

In the second and fourth lectures Planck shows how these new 
ideas of statistical mechanics have transformed the understand- 
ing of the chemical physics of dilute solutions and of monatomic 
gases. Planck especially acknowledges the seminal work of Josiah 
Willard Gibbs not only as preeminent in America but also as one 
of “the most famous theoretical physicists of all times.” The sev- 
enth lecture turns to the principle of least action, which Planck 
considers as essential to all reversible processes. His reflections 
concern the relation of these processes to general irreversible 
processes and show how he attempts to reconcile them. The final 
lecture is an account of the theory of special relativity, which 
Planck had early championed and whose creator was still working 
at the Swiss Patent Office.’° Soon after Einstein had published his 
seminal paper (1905) Planck already discerned its profound 
importance as a revolution in thought comparable only to that 
brought about by the Copernican system." He found in relativity 
theory not relativism but instead the highest expression of the 
invariant, the kind of eternal law that physics can attain when it 
purges itself of what is merely human and limited. 

Planck’s reflective prose clarifies the philosophical issues 
underlying his presentation. Though its overarching laws are 
absolute, nature’s microscopic disorder implies that what happens 


“Stanley Goldberg, “Max Planck’s Philosophy of Nature and His Elaboration of 
the Special Theory of Relativity,” Historical Studies in the Physical Sciences 7, 125-160 
(1976). Einstein resigned from the Patent Office on July 6, 1909, shortly after Planck’s 
lectures ended. 


“Einstein’s 1905 paper is reprinted in The Principle of Relativity (Dover, 1952), pp. 
37-65. 


“Tn contrast, Thomas S. Kuhn maintained that Planck’s initial approach was essen- 
tially classical, and that Einstein really was the originator of the radical departures of 
quantum theory; see his Black-Body Theory. For responses to Kuhn’s interpretation 
see Martin J. Klein, Abner Shimony, and Trevor J. Pinch, “Paradigm Lost? A Review 
Symposium” Isis 70, 429-440 (1979); Needell, “Irreversibility” and “Introduction”; 
and Peter Galison, “Kuhn and the Quantum Controversy,” British Journal for the 
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today can never be undone. Written during a period when Planck 
was reconsidering his work, the lectures also show his critical atti- 
tude towards classical physics." Though he hated to introduce 
fundamental discontinuities’ Planck did count the states of the 
radiation inside the black body in a radically new way. Although 
he used Boltzmann’s statistical techniques he insisted on an “ele- 
mentary disorder” which prevents any possible decrease of 
entropy. Holding to this absolute sense of the second law and to 
the impossibility of eliminating this disorder Planck went beyond 
Boltzmann by treating the modes of radiation as wholly indistin- 
guishable. 

Planck’s counting exemplifies a new concept of identicality, 
which joins equality of observable physical quantities (like mass 
or charge) to a radical indistinguishability that can confuse space- 
time histories."' This is a profound theme of the quantum theory 
that Ladislas Natanson and Paul Ehrenfest were among the first 
to notice (1911)."° Though Einstein had been bold in grasping the 
implications of the quantum hypothesis, he remained conserva- 
tive in wishing “to follow the course of individual atoms and fore- 


ry) 


cast their activities,” at least in principle.” Ironically, Planck’s 


devotion to the absolute did not make him join Einstein in requir- 


Philosophy of Science 22, 7185 (1981). According to Eugene Wigner, “that Planck 
believed in the quantum jump is evident” vet Planck did not believe “in the details in 
any derivation of [his equation], and this was natural since the physics of that time 
was full of contradictions,” as in the case of the Bohr atom; cited in Some Strangeness 
in the Proportion, ed. Harry Woolf (Reading, MA: Addison- Wesley, 1980), p. 194. Kuhn 
replied to his critics in “Revisiting Planck,” Historical Studies in the Physical Sciences 
14, 231-252 (1984), reprinted as the afterword to his Black- Body Theory, pp. 349-370. 


“As Planck wrote to Paul Ehrenfest in 1915, “I hate discontinuity of energy even 
more than discontinuity of emission”: cited in Kuhn, Black-Body Theory, p. 253. 


"See P. Pesic, “The Principle of Identicality and the Foundations of Quantum 
Theory. I. The Gibbs Paradox: II. The Role of Identicality in the Formation of 
Quantum Theory,” American Journal of Physics 59, 971-974, 975-979 (1991). 


“See Abraham Pais, Inward Bound (Oxford: Oxford University Press, 1986), p. 283 
and Martin J. Klein, “Ehrenfest’s contributions to the development of quantum sta- 
tistics,” Proceedings of the Amsterdam Academy B62, 41-62 (1959). 
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ing this fundamental determinism. Planck looked to certain fun- 
damental laws, especially of thermodynamics, more than to 
mechanically distinguishable atoms with individual histories. At 
the behest of those laws Planck was ready to suspend the identi- 
ty of individual atoms, even though he was entering a new realm 
with whose strangeness he would long struggle. After all, from his 
youth he had surmised that the realm of the absolute contained 
more than classical atomic physics dreamt of.” 

Planck’s lectures are imbued with his intense integrity and 
thoughtfulness. This cautious, conservative man made the first 
steps towards a new view of the world. Altogether one feels in the 
presence of a great and admirable mind. “The state of mind 
which enables a man to do work of this kind is akin to that of the 
religious worshipper or the lover; the daily effort comes from no 
deliberate intention or program, but straight from the heart.”” 
Thus Einstein spoke about his friend, praising his ardent quest for 
the “pre-established harmony” hidden behind the things of this 
world. These lectures allow us to hear Planck describe what he 
thought he was doing and how he viewed the whole scene of 
physics in that first amazing decade of the twentieth century. 


Peter Pesic 


“Quoted in Max Planck, Where is Science Going? (Woodbridge, CT: Ox Bow Press, 
1981), p. 202. 


"From his student days Planck had considered atomic theory critically and enter- 
tained the suspicion that matter was really continuous; see PAV 1.163 (1881), 3.2 
(1894), J. L. Heilbron, The Dilemmas of an Upright Man: Max Planck as Spokesman 
for German Science (Berkeley: University of California Press, 1986), pp. 9-17, and 
Kuhn, Black-body Theory, pp. 23-26. For Planck’s youthful studies of philosophy see 
Jost Lemmerich, “Der Student Max Planck horte Philosophie bei Karl Prantl,” 
Bibliothek und Wissenschaft 25, 284-300 (1991). 


Albert Einstein, “Principles of Research” [address delivered on Planck’s 60th 
birthday, 1918] in his Ideas and Opinions (New York: Crown Publishing Company, 
1982), pp. 224-227; see Gerald Holton’s insightful commentary in Thematic Origins, 
pp. 371-398. 
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INTRODUCTION: REVERSIBILITY AND IRREVERSIBILITY. 


Colleagues, ladies and gentlemen: The cordial invitation, which 
the President of Columbia University extended to me to 
deliver at this prominent center of American science some 
lectures in the domain of theoretical physics, has inspired in 
me a sense of the high honor and distinction thus conferred 
upon me and, in no less degree, a consciousness of the 
special obligations which, through its acceptance, would be 
imposed upon me. If I am to count upon meeting in some 
measure your just expectations, I can succeed only through 
directing your attention to the branches of my science with 
which I myself have been specially and deeply concerned, thus 
exposing myself to the danger that my report in certain respects 
shall thereby have somewhat too subjective a coloring. 

From those points of view which appear to me the most 
striking, it is my desire to depict for you in these lectures the 
present status of the system of theoretical physics. I do not 
say: the present status of theoretical physics; for to cover this 
far broader subject, even approximately, the number of lecture 
hours at my disposal would by no means suffice. Time limita- 
tions forbid the extensive consideration of the details of this great 
field of learning; but it will be quite possible to develop for you, in 
bold outline, a representation of the system as a whole, that is, to 
give a sketch of the fundamental laws which rule in the physics 
of today, of the most important hypotheses employed, and of 
the great ideas which have recently forced themselves into the 
subject. I will often gladly endeavor to go into details, but not 
in the sense of a thorough treatment of the subject, and only with 
the object of making the general laws more clear, through appro- 
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priate specially chosen examples. I shall select these examples 
from the most varied branches of physics. 

If we wish to obtain a correct understanding of the achieve- 
ments of theoretical physics, we must guard in equal measure 
against the mistake of overestimating these achievements, and 
on the other hand, against the corresponding mistake of under- 
estimating them. That the second mistake is actually often 
made, is shown by the circumstance that quite recently voices 
have been loudly raised maintaining the bankruptcy and, 
débacle of the whole of natural science. But I think such 
assertions may easily be refuted by reference to the simple fact 
that with each decade the number and the significance of the 
means increase, whereby mankind learns directly through the 
aid of theoretical physics to make nature useful for its own 
purposes. The technology of today would be impossible without 
the aid of theoretical physics. The development of the whole 
of electro-technics from galvanoplasty to wireless telegraphy 
is a striking proof of this, not to mention aerial navigation. On 
the other hand, the mistake of overestimating the achievements 
of theoretical physics appears to me to be much more dangerous, 
and this danger is particularly threatened by those who have 
penetrated comparatively little into the heart of the subject. 
They maintain that some time, through a proper improvement 
of our science, it will be possible, not only to represent com- 
pletely through physical formulae the inner constitution of the 
atoms, but also the laws of mental life. I think that there is 
nothing in the world entitling us to the one or the other of 
these expectations. On the other hand, I believe that there is 
much which directly opposes them. Let us endeavor then to 
follow the middle course and not to deviate appreciably toward 
the one side or the other. 

When we seek for a solid immovable foundation which is able 
to carry the whole structure of theoretical physics, we meet 
with the questions: What lies at the bottom of physics? What 
is the material with which it operates? Fortunately, there is 
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a complete answer to this question. The material with which 
theoretical physics operates is measurements, and mathematics 
is the chief tool with which this material is worked. All physical 
ideas depend upon measurements, more or less exactly carried 
out, and each physical definition, each physical law, possesses 
a more definite significance the nearer it can be brought into 
accord with the results of measurements. Now measurements 
are made with the aid of the senses; before all with that of sight, 
with hearing and with feeling. Thus far, one can say that the 
origin and the foundation of all physical research are seated in 
our sense perceptions. Through sense perceptions only do we 
experience anything of nature; they are the highest court of 
appeal in questions under dispute. This view is completely 
confirmed by a glance at the historical development of physical 
science. Physics grows upon the ground of sensations. The 
first physical ideas derived were from the individual perceptions 
of man, and, accordingly, physics was subdivided into: physics 
of the eye (optics), physics of the ear (acoustics), and physics of 
heat sensation (theory of heat). It may well be said that so 
far as there was a domain of sense, so far extended originally 
the domain of physics. Therefore it appears that in the be- 
ginning the division of physics was based upon the peculiarities 
of man. It possessed, in short, an anthropomorphic character. 
This appears also, in that physical research, when not occupied 
with special sense perceptions, is concerned with practical life, 
and particularly with the practical needs of men. Thus, the 
art of geodesy led to geometry, the study of machinery to me- 
chanics, and the conclusion lies near that physics in the last 
analysis had only to do with the sense perceptions and needs 
of mankind. 

In accordance with this view, the sense perceptions are the 
essential elements of the world; to construct an object as opposed 
to sense perceptions is more or less an arbitrary matter of will. 
In fact, when I speak of a tree, I really mean only a complex of 
sense perceptions: I can see it, I can hear the rustling of its 
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branches, I can smell its fragrance, I experience pain if I knock 
my head against it, but disregarding all of these sensations, 
there remains nothing to be made the object of a measurement, 
wherewith, therefore, natural science can occupy itself. This is 
certainly true. In accordance with this view, the problem of 
physics consists only in the relating of sense perceptions, in ac- 
cordance with experience, to fixed laws; or, as one may express 
it, in the greatest possible economic accommodation of our ideas 
to our sensations, an operation which we undertake solely 
because it is of use to us in the general battle of existence. 

All this appears extraordinarily simple and clear and, in ac- 
cordance with it, the fact may readily be explained that 
this positivist view is quite widely spread in scientific circles 
today. It permits, so far as it is limited to the standpoint here 
depicted (not always done consistently by the exponents of 
positivism), no hypothesis, no metaphysics; all is clear and 
plain. I will go still further; this conception never leads to an 
actual contradiction. I may even say, it can Jead to no contra- 
diction. But, ladies and gentlemen, this view has never con- 
tributed to any advance in physics. If physics is to advance, in 
a certain sense its problem must be stated in quite the inverse 
way, on account of the fact that this conception is inadequate 
and at bottom possesses only a formal meaning. 

The proof of the correctness of this assertion is to be found 
directly from a consideration of the process of development 
which theoretical physics has actually undergone, and which 
one certainly cannot fail to designate as essential. Let us 
compare the system of physics of today with the earlier and 
more primitive system which I have depicted above. At the 
first glance we encounter the most striking difference of all, that 
in the present system, as well in the division of the various 
physical domains as in all physical definitions, the historical 
element plays a much smaller réle than in the earlier system. 
While originally, as I have shown above, the fundamental ideas 
of physics were taken from the specific sense perceptions of man, 
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the latter are today in large measure excluded from physical 
acoustics, optics, and the theory of heat. The physical defi- 
nitions of tone, color, and of temperature are today in no 
wise derived from perception through the corresponding senses; 
but tone and color are defined through a vibration number or 
wave length, and the temperature through the volume change 
of a thermometric substance, or through a temperature scale 
based on the second law of thermodynamics; but heat sensation 
is in no wise mentioned in connection with the temperature. 
With the idea of force it has not been otherwise. Without 
doubt, the word force originally meant bodily force, correspond- 
ing to the circumstance that the oldest tools, the ax, hammer, 
and mallet, were swung by man’s hands, and that the first 
machines, the lever, roller, and screw, were operated by men 
or animals. This shows that the idea of force was originally 
derived from the sense of force, or muscular sense, and was, 
therefore, a specific sense perception. Consequently, I regard 
it today as quite essential in a lecture on mechanics to refer, at 
any rate in the introduction, to the original meaning of the force 
idea. But in the modern exact definition of force the specific 
notion of sense perception is eliminated, as in the case of color 
sense, and we may say, quite in general, that in modern theoret- 
ical physics the specific sense perceptions play a much smaller réle 
in all physical definitions than formerly. In fact, the crowding 
into the background of the specific sense elements goes so far 
that the branches of physics which were originally completely 
and uniquely characterized by an arrangement in accordance 
with definite sense perceptions have fallen apart, in consequence 
of the loosening of the bonds between different and widely 
separated branches, on account of the general advance towards 
simplification and coordination. The best example of this is 
furnished by the theory of heat. Earlier, heat formed a sepa- 
rate and unified domain of physics, characterized through the 
perceptions of heat sensation. Today one finds in well nigh all 
physics textbooks dealing with heat a whole domain, that of 
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radiant heat, separated and treated under optics. The signi- 
ficance of heat perception no longer suffices to bring together 
the heterogeneous parts. 

In short, we may say that the characteristic feature of the entire 
previous development of theoretical physics is a definite elimina- 
tion from all physical ideas of the anthropomorphic elements, par- 
ticularly those of specific sense perceptions. On the other hand, 
as we have seen above, if one reflects that the perceptions form 
the point of departure in all physical research, and that it is im- 
possible to contemplate their absolute exclusion, because we can- 
not close the source of all our knowledge, then this conscious 
departure from the original conceptions must always appear 
astonishing or even paradoxical. There is scarcely a fact in the 
history of physics which today stands out so clearly as this. 
Now, what are the great advantages to be gained through such 
a real obliteration of personality? What is the result for the 
sake of whose achievement are sacrificed the directness and 
succinctness such as only the special sense perceptions vouchsafe 
to physical ideas? 

The result is nothing more than the attainment of unity 
and compactness in our system of theoretical physics, and, in 
fact, the unity of the system, not only in relation to all of its 
details, but also in relation to physicists of all places, all times, 
all peoples, all cultures. Certainly, the system of theoretical 
physics should be adequate, not only for the inhabitants of this 
earth, but also for the inhabitants of other heavenly bodies. 
Whether the inhabitants of Mars, in case such actually exist, 
have eyes and ears like our own, we do not know,—it is quite 
improbable; but that they, in so far as they possess the necessary 
intelligence, recognize the law of gravitation and the principle of 
energy, most physicists would hold as self evident: and anyone 
to whom this is not evident had better not appeal to the physicists, 
for it will always remain for him an unsolvable riddle that the 
same physics is made in the United States as in Germany. 

To sum up, we may say that the characteristic feature of the 
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actual development of the system of theoretical physics is an 
ever extending emancipation from the anthropomorphic elements, 
which has for its object the most complete separation possible 
of the system of physics and the individual personality of the 
physicist. One may call this the objectiveness of the system 
of physics. In order to exclude the possibility of any misunder- 
standing, I wish to emphasize particularly that we have here 
to do, not with an absolute separation of physics from the 
physicist—for a physics without the physicist is unthinkable,— 
but with the elimination of the individuality of the particular 
physicist and therefore with the production of a common system 
of physics for all physicists. 

Now, how does this principle agree with the positivist con- 
ceptions mentioned above? Separation of the system of physics 
from the individual personality of the physicist? Opposed to 
this principle, in accordance with those conceptions, each 
particular physicist must have his special system of physics, in 
case that complete elimination of all metaphysical elements is 
effected; for physics occupies itself only with the facts discovered 
through perceptions, and only the individual perceptions are 
directly involved. That other living beings have sensations is, 
strictly speaking, but a very probable, though arbitrary, conclusion 
from analogy. The system of physics is therefore primarily an 
individual matter and, if two physicists accept the same system, 
it is a very happy circumstance in connection with their personal 
relationship, but it is not essentially necessary. One can regard 
this view-point however he will; in physics it is certainly quite 
fruitless, and this is all that I care to maintain here. Certainly, 
I might add, each great physical idea means a further advance 
toward the emancipation from anthropomorphic ideas. This 
was true in the passage from the Ptolemaic to the Copernican 
cosmical system, just as it is true at the present time for the 
apparently impending passage from the so-called classical me- 
chanics of mass points to the general dynamics originating in 
the principle of relativity. In accordance with this, man and 
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the earth upon which he dwells are removed from the centre 
of the world. It may be predicted that in this century the 
idea of time will be divested of the absolute character with 
which men have been accustomed to endow it (cf. the final 
lecture). Certainly, the sacrifices demanded by every such 
revolution in the intuitive point of view are enormous; conse- 
quently, the resistance against such a change is very great. But 
the development of science is not to be permanently halted 
thereby; on the contrary, its strongest impetus is experienced 
through precisely those forces which attain success in the strug- 
gle against the old points of view, and to this extent such a 
struggle is constantly necessary and useful. 

Now, how far have we advanced today toward the unification 
of our system of physics? The numerous independent domains 
of the earlier physics now appear reduced to two; mechanics and 
electrodynamics, or, as one may say: the physics of material 
bodies and the physics of the ether. The former comprehends 
acoustics, phenomena in material bodies, and chemical phenom- 
ena; the latter, magnetism, optics, and radiant heat. But is 
this division a fundamental one? Will it prove final? This 
is a question of great consequence for the future development of 
physics. For myself, I believe it must be answered in the 
negative, and upon the following grounds: mechanics and electro- 
dynamics cannot be permanently sharply differentiated from 
each other. Does the process of light emission, for example, 
belong to mechanics or to electrodynamics? To which domain 
shall be assigned the laws of motion of electrons? At first 
glance, one may perhaps say: to electrodynamics, since with 
the electrons ponderable matter does not play any réle. But 
let one direct his attention to the motion of free electrons in 
metals. There he will find, in the study of the classical re- 
searches of H. A. Lorentz, for example, that the laws obeyed by 
the electrons belong rather to the kinetic theory of gases than 
to electrodynamics. In general, it appears to me that the 
original differences between processes in the ether and processes 
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in material bodies are to be considered as disappearing. Electro- 
dynamics and mechanics are not so remarkably far apart, as is 
considered to be the case by many people, who already speak of a 
conflict between the mechanical and the electrodynamic views 
of the world. Mechanics requires for its foundation essentially 
nothing more than the ideas of space, of time, and of that which 
is moving, whether one considers this as a substance or a state. 
The same ideas are also involved in electrodynamics. A suffi- 
ciently generalized conception of mechanics can therefore also 
well include electrodynamics, and, in fact, there are many indica- 
tions pointing toward the ultimate amalgamation of these two 
subjects, the domains of which already overlap in some measure. 
If, therefore, the gulf between ether and matter be once bridged, 
what is the point of view which in the last analysis will best 
serve in the subdivision of the system of physics? The answer 
to this question will characterize the whole nature of the further 
development of our science. It is, therefore, the most important 
among all those which I propose to treat today. But for the 
purposes of a closer investigation it is necessary that we go some- 
what more deeply into the peculiarities of physical principles. 
We shall best begin at that point from which the first step was 
made toward the actual realization of the unified system of 
physics previously postulated by the philosophers only; at the 
principle of conservation of energy. For the idea of energy is 
the only one besides those of space and time which is common to 
all the various domains of physics. In accordance with what I 
have stated above, it will be apparent and quite self evident to 
you that the principle of energy, before its general formularization 
by Mayer, Joule, and Helmholz, also bore an anthropomorphic 
character. The roots of this principle lay already in the recog- 
nition of the fact that no one is able to obtain useful work from 
nothing; and this recognition had originated essentially in the 
experiences which were gathered in attempts at the solution of a 
technical problem: the discovery of perpetual motion. To this 
extent, perpetual motion has come to have for physics a far 
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reaching significance, similar to that of alchemy for the chemist, 
although it was not the positive, but rather the negative results 
of these experiments, through which science was advanced. 
Today we speak of the principle of energy quite without reference 
to the technical viewpoint or to that of man. We say that the 
total amount of energy of an isolated system of bodies is a 
quantity whose amount can be neither increased nor diminished 
through any kind of process within the system, and we no longer 
consider the accuracy with which this law holds as dependent 
upon the refinement of the methods, which we at present possess, 
of testing experimentally the question of the realization of 
perpetual motion. In this, strictly speaking, unprovable general- 
ization, impressed upon us with elemental force, lies the eman- 
cipation from the anthropomorphic elements mentioned above. 

While the principle of energy stands before us as a complete 
independent structure, freed from and independent of the acci- 
dents appertaining to its historical development, this is by no 
means true in equal measure in the case of that principle which 
R. Clausius introduced into physics; namely, the second law 
of thermodynamics. This law plays a very peculiar réle in the 
development of physical science, to the extent that one is not 
able to assert today that for it a generally recognized, and there- 
fore objective formularization, has been found. In our present 
consideration it is therefore a matter of particular interest to 
examine more closely its significance. 

In contrast to the first law of thermodynamics, or the energy 
principle, the second law may be characterized as follows. While 
the first law permits in all processes of nature neither the creation 
nor destruction of energy, but permits of transformations only, 
the second law goes still further into the limitation of the pos- 
sible processes of nature, in that it permits, not all kinds of trans- 
formations, but only certain types, subject to certain con- 
ditions. The second law occupies itself, therefore, with the 
question of the kind and, in particular, with the direction of any 
natural process, 
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At this point a mistake has frequently been made, which has 
hindered in a very pronounced manner the advance of science 
up to the present day. In the endeavor to give to the second 
law of thermodynamics the most general character possible, it 
has been proclaimed by followers of W. Ostwald as the second 
law of energetics, and the attempt made so to formulate it that 
it shall determine quite generally the direction of every process 
occurring in nature. Some weeks ago I read in a public academic 
address of an esteemed colleague the statement that the import 
of the second law consists in this, that a stone falls downwards, 
that water flows not up hill, but down, that electricity flows from 
a higher to a lower potential, and so on. This is a mistake which 
at present is altogether too prevalent not to warrant mention 
here. 

The truth is, these statements are false. A stone can just as 
well rise in the air as fall downwards; water can likewise flow up- 
wards, as, for example, in a spring; electricity can flow very well 
from a lower to a higher potential, as in the case of oscillating dis- 
charge of a condenser. The statements are obviously quite cor- 
rect, if one applies them to a stone originally at rest, to water at 
rest, to electricity at rest; but then they follow immediately from 
the energy principle, and one does not need to add a special second 
law. For, in accordance with the energy principle, the kinetic 
energy of the stone or of the water can only originate at the 
cost of gravitational energy, i. e., the center of mass must descend. 
If, therefore, motion is to take place at all, it is necessary 
that the gravitational energy shall decrease. That is, the 
center of mass must descend. In like manner, an electric cur- 
rent between two condenser plates can originate only at the 
cost of electrical energy already present; the electricity must 
therefore pass to a lower potential. If, however, motion and 
current be already present, then one is not able to say, a priori, 
anything in regard to the direction of the change; it can take 
place just as well in one direction as the other. Therefore, there 
is no new insight into nature to be obtained from this point of 
view. 
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Upon an equally inadequate basis rests another conception of 
the second law, which I shall now mention. In considering the cir- 
cumstance that mechanical work may very easily be transformed 
into heat, as by friction, while on the other hand heat can only 
with difficulty be transformed into work, the attempt has been 
made so to characterize the second law, that in nature the trans- 
formation of work into heat can take place completely, while 
that of heat into work, on the other hand, only incompletely and 
in such manner that every time a quantity of heat is transformed 
into work another corresponding quantity of energy must neces- 
sarily undergo at the same time a compensating transforma- 
tion, as, e. g., the passage of heat from a higher to a lower 
temperature. This assertion is in certain special cases correct, 
but does not strike in general at the true import of the matter, 
as I shall show by a simple example. 

One of the most important laws of thermodynamics is, that 
the total energy of an ideal gas depends only upon its tempera- 
ture, and not upon its volume. If an ideal gas be allowed to 
expand while doing work, and if the cooling of the gas be prevented 
through the simultaneous addition of heat from a heat reservoir 
at higher temperature, the gas remains unchanged in temperature 
and energy content, and one may say that the heat furnished 
by the heat reservoir is completely transformed into work without 
exchange of energy. Not the least objection can be urged 
against this assertion. The law of incomplete transformation 
of heat into work is retained only through the adoption of a 
different point of view, but which has nothing to do with the 
status of the physical facts and only modifies the way of looking 
at the matter, and therefore can neither be supported nor con- 
tradicted through facts; namely, through the introduction ad hoe 
of new particular kinds of energy, in that one divides the energy 
of the gas into numerous parts which individually can depend 
upon the volume. But it is a priori evident that one can never 
deri: e from so artificial a definition a new physical law, and it is 
with such that we have to do when we pass from the first law, 
the principle of conservation of energy, to the second law. 
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I desire now to introduce such a new physical law: “It is not 
possible to construct a periodically functioning motor which in 
principle does not involve more than the raising of a load and the 
cooling of a heat reservoir.” It is to be understood, that in one 
cycle of the motor quite arbitrary complicated processes may 
take place, but that after the completion of one cycle there shall 
remain no other changes in the surroundings than that the heat 
reservoir is cooled and that the load is raised a corresponding 
distance, which may be calculated from the first law. Such a 
motor could of course be used at the same time as a refrigerating 
machine also, without any further expenditure of energy and 
materials. Such a motor would moreover be the most efficient 
in the world, since it would involve no cost to run it; for the 
earth, the atmosphere, or the ocean could be utilized as the heat 
reservoir. We shall call this, in accordance with the proposal of 
W. Ostwald, perpetual motion of the second kind. Whether in 
nature such a motion is actually possible cannot be inferred from 
the energy principle, and may only be determined by special 
experiments. 

Just as the impossibility of perpetual motion of the first kind 
leads to the principle of the conservation of energy, the quite 
independent principle of the impossibility of perpetual motion of 
the second kind leads to the second law of thermodynamics, 
and, if we assume this impossibility as proven experimentally, 
the general law follows immediately: there are processes in 
nature which in no possible way can be made completely reversi- 
ble. For consider, e. g., a frictional process through which me- 
chanical work is transformed into heat with the aid of suitable 
apparatus, if it were actually possible to make in some way such 
complicated apparatus completely reversible, so that everywhere 
in nature exactly the same conditions be reestablished as existed 
at the beginning of the frictional process, then the apparatus 
considered would be nothing more than the motor described 
above, furnishing a perpetual motion of the second kind. This 
appears evident immediately, if one clearly perceives what the 
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apparatus would accomplish: transformation of heat into work 
without any further outstanding change. 

We call such a process, which in no wise can be made completely 
reversible, an irreversible process, and all other processes re- 
versible processes; and thus we strike the kernel of the second 
law of thermodynamics when we say that irreversible processes 
occur in nature. In accordance with this, the changes in nature 
have a unidirectional tendency. With each irreversible process 
the world takes a step forward, the traces of which under no 
circumstances can be completely obliterated. Besides friction, 
examples of irreversible processes are: heat conduction, diffusion, 
conduction of electricity in conductors of finite resistance, 
emission of light and heat radiation, disintegration of the atom 
in radioactive substances, and so on. On the other hand, ex- 
amples of reversible processes are: motion of the planets, free 
fall in empty space, the undamped motion of a pendulum, 
the frictionless flow of liquids, the propagation of light and 
sound waves without absorption and refraction, undamped 
electrical vibrations, and so on. For all these processes are 
already periodic or may be made completely reversible through 
suitable contrivances, so that there remains no outstanding 
change in nature; for example, the free fall of a body whereby 
the acquired velocity is utilized to raise the body again to its 
original height; a light or sound wave which is allowed in a suitable 
manner to be totally reflected from a perfect mirror. 

What now are the general properties and criteria of irreversible 
processes, and what is the general quantitative measure of 
irreversibility? This question has been examined and answered 
in the most widely different ways, and it is evident here again 
how difficult it is to reach a correct formularization of a prob- 
lem. Just as originally we came upon the trail of the energy 
principle through the technical problem of perpetual motion, so 
again a technical problem, namely, that of the steam engine, 
led to the differentiation between reversible and irreversible 
processes. Long ago Sadi Carnot recognized, although he util- 
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ized an incorrect conception of the nature of heat, that irre- 
versible processes are less economical than reversible, or that in 
an irreversible process a certain opportunity to derive mechan- 
ical work from heat is lost. What then could have been 
simpler than the thought of making, quite in general, the meas- 
ure of the irreversibility of a process the quantity of mechanical 
work which is unavoidably lost in the process. For a reversible 
process then, the unavoidably lost work is naturally to be set 
equal to zero. This view, in accordance with which the import 
of the second law consists in a dissipation of useful energy, has 
in fact, in certain special cases, e. g., in isothermal processes, 
proved itself useful. It has persisted, therefore, in certain of 
its aspects up to the present day; but for the general case, how- 
ever, it has shown itself as fruitless and, in fact, misleading. The 
reason for this lies in the fact that the question concerning the 
lost work in a given irreversible process is by no means to be 
answered in a determinate manner, so long as nothing further is 
specified with regard to the source of energy from which the work 
considered shall be obtained. 

An example will make this clear. Heat conduction is an 
irreversible process, or as Clausius expresses it: Heat cannot 
without compensation pass from a colder to a warmer body. 
What now is the work which in accordance with definition is 
lost when the quantity of heat Q passes through direct conduction 
from a warmer body at the temperature 7, to a colder body at 
the temperature 7,? In order to answer this question, we make 
use of the heat transfer involved in carrying out a reversible 
Carnot cyclical process between the two bodies employed as 
heat reservoirs. In this process a certain amount of work 
would be obtained, and it is just the amount sought, since it is 
that which would be lost in the direct passage by conduction; 
but this has no definite value so long as we do not know whence 
the work originates, whether, e. g., in the warmer body or in the 
colder body, or from somewhere else. Let one reflect that the 
heat given up by the warmer body in the reversible process is cer- 
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tainly not equal to the heat absorbed by the colder body, because 
a certain amount of heat is transformed into work, and that we 
can identify, with exactly the same right, the quantity of heat Q 
transferred by the direct process of conduction with that which in 
the cyclical process is given up by the warmer body, or with that 
absorbed by the colder body. As one does the former or the latter, 
he accordingly obtains for the quantity of lost work in the process 
of conduction: f : 

ee Peis 
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We see, therefore, that the proposed method of expressing mathe- 
matically the irreversibility of a process does not in general effect 
its object, and at the same time we recognize the peculiar reason 
which prevents its doing so. The statement of the question is 
too anthropomorphic. It is primarily too much concerned with 
the needs of mankind, in that it refers directly to the acquirement 
of useful work. If one require from nature a determinate 
answer, he must take a more general point of view, more disin- 
terested, less economic. We shall now seek to do this. 

Let us consider any typical process occurring in nature. This 
will carry all bodies concerned in it from a determinate initial 
state, which I designate as state A, into a determinate final 
state B. The process is either reversible or irreversible. A 
third possibility is excluded. But whether it is reversible or 
irreversible depends solely upon the nature of the two states A 
and B, and not at all upon the way in which the process has been 
carried out; for we are only concerned with the answer to the 
question as to whether or not, when the state B is once reached, a 
complete return to A in any conceivable manner may be ac- 
complished. If now, the complete return from B to A is not 
possible, and the process therefore irreversible, it is obvious that 
the state B may be distinguished in nature through a certain 
pronerty from state A. Several years ago I ventured to express 
this as follows: that nature possesses a greater “preference” for 
state B than for state A. In accordance with this mode of 
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expression, all those processes of nature are impossible for whose 
final state nature possesses a smaller preference than for the 
original state. Reversible processes constitute a limiting case; 
for such, nature possesses an equal preference for the initial and 
for the final state, and the passage between them takes place as 
well in one direction as the other. 

We have now to seek a physical quantity whose magnitude 
shall serve as a general measure of the preference of nature for 
a given state. This quantity must be one which is directly 
determined by the state of the system considered, without 
reference to the previous history of the system, as is the case with 
the energy, with the volume, and with other properties of the 
system. It should possess the peculiarity of increasing in all 
irreversible processes and of remaining unchanged in all revers- 
ible processes, and the amount of change which it experiences 
in a process would furnish a general measure for the irre- 
versibility of the process. 

R. Clausius actually found this quantity and called it 
“entropy.” Every system of bodies possesses in each of its 
states a definite entropy, and this entropy expresses the pref- 
erence of nature for the state in question. It can, in all the 
processes which take place within the system, only increase and 
never decrease. If it be desired to consider a process in which 
external actions upon the system are present, it is necessary 
to consider those bodies in which these actions originate as 
constituting part of the system; then the law as stated in the 
above form is valid. In accordance with it, the entropy of a 
system of bodies is simply equal to the sum of the entropies of 
the individual bodies, and the entropy of a single body is, in 
accordance with Clausius, found by the aid of a certain re- 
versible process. Conduction of heat to a body increases its 
entropy, and, in fact, by an amount equal to the ratio of the 
quantity of heat given the body to its temperature. Simple 
compression, on the other hand, does not change the entropy. 

Returning to the example mentioned above, in which the 
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quantity of heat Q is conducted from a warmer body at the 
temperature 7; to a colder body at the temperature 72, in 
accordance with what precedes, the entropy of the warmer body 
decreases in this process, while, on the other hand, that of the 
colder increases, and the sum of both changes, that is, the change 
of the total entropy of both bodies, is: 


Q,8 
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This positive quantity furnishes, in a manner free from all 
arbitrary assumptions, the measure of the irreversibility of the 
process of heat conduction. Such examples may be cited 
indefinitely. Every chemical process furnishes an increase of 
entropy. 

We shall here consider only the most general case treated by 
Clausius: an arbitrary reversible or irreversible cyclical process, 
carried out with any physico-chemical arrangement, utilizing 
an arbitrary number of heat reservoirs. Since the arrangement 
at the conclusion of the cyclical process is the same as that at 
the beginning, the final state of the process is to be distinguished 
from the initial state solely through the different heat content 
of the heat reservoirs, and in that a certain amount of mechanical 
work has been furnished or consumed. Let Q be the heat given 
up in the course of the process by a heat reservoir at the tem- 
perature 7’, and let A be the total work yielded (consisting, 
e. g., in the raising of weights); then, in accordance with the first 
law of thermodynamics: 

=Q = A. 
In accordance with the second law, the sum of the changes in 
entropy of all the heat reservoirs is positive, or zero. It follows, 
therefore, since the entropy of a reservoir is decreased by the 
amount Q/T through the loss of heat Q that: 
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This is the well-known inequality of Clausius. 
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In an isothermal cyclical process, T is the same for all reservoirs. 


Therefore: 
2Q =0, hence: A = 0. 


That is: in an isothermal cyclical process, heat is produced and 
work is consumed. In the limiting case, a reversible isothermal 
eyclical process, the sign of equality holds, and therefore the 
work consumed is zero, and also the heat produced. This law 
plays a leading réle in the application of thermodynamics to 
physical chemistry. 

The second law of thermodynamics including all of its con- 
sequences has thus led to the principle of increase of entropy. 
You will now readily understand, having regard to the questions 
mentioned above, why I express it as my opinion that in the 
theoretical physics of the future the first and most important 
differentiation of all physical processes will be into reversible 
and irreversible processes. 

In fact, all reversible processes, whether they take place in 
material bodies, in the ether, or in both together, show a much 
greater similarity among themselves than to any irreversible 
process. In the differential equations of reversible processes 
the time differential enters only as an even power, corres- 
ponding to the circumstance that the sign of time can be 
reversed. This holds equally well for vibrations of the pen- 
dulum, electrical vibrations, acoustic and optical waves, and 
for motions of mass points or of electrons, if we only ex- 
clude every kind of damping. But to such processes also 
belong those infinitely slow processes of thermodynamics which 
consist of states of equilibrium in which the time in general 
plays no réle, or, as one may also say, occurs with the zero power, 
which is to be reckoned as an even power. As Helmholtz has 
pointed out, all these reversible processes have the common 
property that they may be completely represented by the principle 
of least action, which gives a definite answer to all questions con- 
cerning any such measurable process, and, to this extent, the- 
ory of reversible processes may be regarded as completely estab- 
lished. Reversible processes have, however, the disadvantage that 
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singly and collectively they are only ideal: in actual nature there 
is no such thing as a reversible process. Every natural process 
involves in greater or less degree friction or conduction of heat. 
But in the domain of irreversible processes the principle of least 
action is no longer sufficient; for the principle of increase of 
entropy brings into the system of physics a wholly new element, 
foreign to the action principle, and which demands special 
mathematical treatment. The unidirectional course of a process 
in the attainment of a fixed final state is related to it. 

I hope the foregoi 1g considerations have sufficed to make clear 
to you that the distinction between reversible and irreversible 
processes is much broader than that between mechanical and 
electrical processes and that, therefore, this difference, with better 
right than any other, may be taken advantage of in classifying 
all physical processes, and that it may eventually play in the 
theoretical physics of the future the principal réle. 

However, the classification mentioned is in need of quite an 
essential improvement, for it cannot be denied that in the form 
set forth, the system of physics is still suffering from a strong 
dose of anthropomorphism. In the definition of irreversibility, 
as well as in that of entropy, reference is made to the possibility 
of carrying out in nature certain changes, and this means, funda- 
mentally, nothing more than that the division of physical proc- 
esses is made dependent upon the manipulative skill of man in 
the art of experimentation, which certainly does not always 
remain at a fixed stage, but is continually being more and more 
perfected. If, therefore, the distinction between reversible and 
irreversible processes is actually to have a lasting significance 
for all times, it must be essentially broadened and made inde- 
pendent of any reference to the capacities of mankind. How this 
may happen, I desire to state one week from tomorrow. The 
lecture of tomorrow will be devoted to the problem of bringing 
before you some of the most important of the great number of 
practical consequences following from the entropy principle. 


SECOND LECTURE. 


THERMODYNAMIC STATES OF EQUILIBRIUM IN DILUTE 
SOLUTIONS. 


In the lecture of yesterday I sought to make clear the fact 
that the essential, and therefore the final division of all processes 
occurring in nature, is into reversible and irreversible processes, 
and the characteristic difference between these two kinds of 
processes, as I have further separated them, is that in irreversible 
processes the entropy increases, while in all reversible processes 
it remains constant. Today I am constrained to speak of some 
of the consequences of this law which will illustrate its rich fruit- 
fulness. They have to do with the question of the laws of ther- 
modynamic equilibrium. Since in nature the entropy can only 
increase, it follows that the state of a physical configuration 
which is completely isolated, and in which the entropy of 
the system possesses an absolute maximum, is necessarily a 
state of stable equilibrium, since for it no further change is 
possible. How deeply this law underlies all physical and chem- 
ical relations has been shown by no one better and more com- 
pletely than by John Willard Gibbs, whose name, not only in 
America, but in the whole world will be counted among those of 
the most famous theoretical physicists of all times; to whom, to 
my sorrow, it is no longer possible for me to tender personally 
my respects. It would be gratuitous for me, here in the land 
of his activity, to expatiate fully on the progress of his ideas, 
but you will perhaps permit me to speak in the lecture of to- 
day of some of the important applications in which thermo- 
dynamic research, based on Gibbs works, can be advanced be- 
yond his results. 

These applications refer to the theory of dilute solutions, and 

PA 


RY : SECOND LECTURE. 


we shall occupy ourselves today with these, while I show you 
by a definite example what fruitfulness is inherent in thermo- 
dynamic theory. I shall first characterize the problem quite 
generally. It has to do with the state of equilibrium of a material 
system of any number of arbitrary constituents in an arbi- 
trary number of phases, at a given temperature 7’ and given 
pressure p. If the system is completely isolated, and there- 
fore guarded against all external thermal and mechanical 
actions, then in any ensuing change the entropy of the system will 
increase: 


dS > 0. 


But if, as we assume, the system stands in such relation to 
its surroundings that in any change which the system under- 
goes the temperature 7’ and the pressure p are maintained 
constant, as, for instance, through its introduction into a calorim- 
eter of great heat capacity and through loading with a piston 
of fixed weight, the inequality would suffer a change thereby. 
We must then take account of the fact that the surrounding 
bodies also, e. g., the calorimetric liquid, will be involved in the 
change. If we denote the entropy of the surrounding bodies by 
So, then the following more general equation holds: 


dS + dS) > 0. 
In this equation 


dSy = ~%, 


if Q denote the heat which is given up in the change by the 
surroundings to the system. On the other hand, if U de- 
note the energy, V the volume of the system, then, in accord- 
ance with the first law of thermodynamics, 


Q = dU + pdV. 
Consequently, through substitution: 


ag te > 0 
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or, since p and 7’ are constant: 


a(s- 747" )>0. 


If, therefore, we put: 


Se s(t) 


then 
di > 0, 


and we have the general law, that in every isothermal-isobaric 
(T = const., p = const.) change of state of a physical system 
the quantity ® increases. The absolutely stable state of 
equilibrium of the system is therefore characterized through 
the maximum of ®: 


6b = 0. (2) 


If the system consist of numerous phases, then, because ®, in 
accordance with (1), is linear and homogeneous in S, U and V, 
the quantity ® referring to the whole system is the sum of the 
quantities ® referring to the individual phases. If the expression 
for ® is known as a function of the independent variables for 
each phase of the system, then, from equation (2), all ques- 
tions concerning the conditions of stable equilibrium may be 
answered. Now, within limits, this is the case for dilute solutions. 
By “solution” in thermodynamics is meant each homogeneous 
phase, in whatever state of aggregation, which is composed of a 
series of different molecular complexes, each of which is rep- 
resented by a definite molecular number. If the molecular 
number of a given complex is great with reference to all the 
remaining complexes, then the solution is called dilute, and the 
molecular complex in question is called the solvent; the remain- 
ing complexes are called the dissolved substances. 

Let us now consider a dilute solution whose state is determined 
by the pressure p, the temperature 7’, and the molecular numbers 
No, M1, N2, 3, +*-, Wherein the subscript zero refers to the solvent. 
Then the numbers 7, nz, m3, --- are all small with respect to mo, 
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and on this account the volume V and the energy U are linear 
functions of the molecular numbers: 


V = novo + 1101 + Mote + °°, 
U = nolo + mii + Netla + °°', 


wherein the v’s and u’s depend upon p and T only. 
From the general equation of entropy: 


_ aU + pdV 


dS ae 


in which the differentials depend only upon changes in p and T, 
and not in the molecular numbers, there results therefore: 


+n 


48 = ng? 1 Bee a, 


du, + pdr, 
: r 


and from this it follows that the expressions multiplied by no, 11 
+++, dependent upon p and T only, are complete differentials. 
We may therefore write: 


duo + pdr 
vk 


= dso, 


d d 
fat PN de, — 3) 


and by integration obtain: 
S = noso + msi + Mose + +++ + C. 


The constant C of integration does not depend upon p and T, 
but may depend upon the molecular numbers mo, 71, m2, +--+ 
In order to express this dependence generally, it suffices to know 
it for a special case, for fixed values of p and T. Now every 
solution passes, through appropriate increase of temperature and 
decrease of pressure, into the state of a mixture of ideal gases, 
and for this case the entropy is fully known, the integration 
constant being, in accordance with Gibbs: 


C = — R(m log co + m log ce, + ---), 


wherein 2 denotes the absolute gas constant and co, ¢1, C2, °°° 
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denote the “ molecular concentrations”: 


No nm 


= Cc 
2 to mit tates? “mo mt m+ -:? 
Consequently, quite in general, the entropy of a dilute solution is: 


S = no(so — R log co) + msi — R log c:) + +++, 


Cc 


and, finally, from this it follows by substitution in equation (1) 
that: 
® = no(vo — RF log eo) + mi(yi — R log e:) + -:-, (4) 


if we put for brevity: 


Uo + pv uy + po 
Yo = %—— wo es aa Ve * —- Ks (5) 


all of which quantities depend only upon p and 7. 

With the aid of the expression obtained for ® we are enabled 
through equation (2) to answer the question with regard to 
thermodynamic equilibrium. We shall first find the general 
law of equilibrium and then apply it to a series of particularly 
interesting special cases. 

Every material system consisting of an arbitrary number of 
homogeneous phases may be represented symbolically in the 
following way: 


, , , t ut Ad , , 
NoMo, MyM, +++ | No’Mo’, Mr’my’, «++ | Nom”, M1”’m”, «-+ | --- 


Here the molecular numbers are denoted by n, the molecular 
weights by m, and the individual phases are separated from one 
another by vertical lines. We shall now suppose that each 
phase represents a dilute solution. This will be the case when 
each phase contains only a single molecular complex and there- 
fore represents an absolutely pure substance; for then the con- 
centrations of all the dissolved substances will be zero. 

If now an isobaric-isothermal change in the system of such 
kind is possible that the molecular numbers 


, ? ’ ” ” ” 
No, M1, Nea, ***, No, M1, M2, °°", No , M1 Mey *°° 
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change simultaneously by the amounts 
dno, 671, 6n2, oes bno’, ény’, bn’, oehes dno’, 611", 6n2’”’, OOD 


then, in accordance with equation (2), equilibrium obtains with 
respect to the occurrence of this change if, when 7 and p are held 
constant, the function 


Cee ee 1s 
is @ maximum, or, in accordance with equation (4): 
Z(yo — RB log co)ino + (¢1 — Flog cx)in + --- = 0 


(the summation 2 being extended over all phases of the system). 
Since we are only concerned in this equation with the ratios of 
the 5n’s, we put 


60 by: +++ 2b’ 2 ny’. +++ 29” 26m": -- + 


= oi ¥i 2 s>* fey tel t= Se fa ee, 


wherein we are to understand by the simultaneously changing 
v’s, in the variation considered, simple integer positive or negative 
numbers, according as the molecular complex under consider- 
ation is formed or disappears in the change. Then the con- 
dition for equilibrium is: 


1 
DVo log Cy + Vy log Ci + OES == Rrovot Vigit aod = log JG (6) 
K and the quantities go, ¢1, ¢2, --: depend only upon p and 
T, and this dependence is to be found from the equations: 
0 log K Og O¢1 


aa a as 


1 
R 

dlogK 1. dgo O¢1 
Roo! "agee 


Now, in accordance with (5), for any infinitely small change of p 
and 7: 
Pee dito + i + vodp 4p 6 ste 


ee 
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and consequently, from (3): 


Uy =; Pro v dp 
dgo = ape dT — “Ae 
and hence: 
Ago _ _ % Ago _ uo + pro 
Op or” | fr 
Similar equations hold for the other ¢’s, and therefore we get: 
0 log K 1 
a) — Rprroro + iy ee ts 
0 log K 1 
i a Riper ste Vetea—t es t= P(vovo + vy + °- >) 
or, more briefly: 
Olog K _ 1 dlog K AQ 
ap ORT > or = RT @) 


if AV denote the change in the total volume of the system and 
AQ the heat which is communicated to it from outside, during 
the isobaric isothermal change considered. We shall now inves- 
tigate the import of these relations in a series of important 
applications. 


I. Electrolytic Dissociation of Water. 
The system consists of a single phase: 
noH,0, nH : n HO. 
The transformation under consideration 
Vo 1 Vi 2 Ve = Ono : ON, : ON 


consists in the dissociation of a molecule H,0 into a molecule H 
and a molecule HO, therefore: 


yy — 1, Al = iL ey = I. 
Hence, in accordance with (6), for equilibrium: 


— log eo + log c: + log c. = log K, 
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or, since c, = ¢, and cy = 1, approximately: 
2 log ec, = log K. 


The dependence of the concentration c; upon the temperature 
now follows from (7): 
Ologe, AQ 
or Tar 


AQ, the quantity of heat which it is necessary to supply for the 


dissociation of a molecule of H,0 into the ions H and HO, is, 
in accordance with Arrhenius, equal to the heat of ionization in 
the neutralization of a strong univalent base and acid in a 
dilute aqueous solution, and, therefore, in accordance with the 
recent measurements of Wormann,! 


AQ = 27,857 — 48.5T gr. cal. 


Using the number 1.985 for the ratio of the absolute gas constant 
R to the mechanical equivalent of heat, it follows that: 


0 log ¢1 = 1 27,857 - 48.5 
or 2-1.985\ 7? YAY 
and by integration: 
SY 3047. Os 
loge, = — — ioe — 12.125 log T + const. 


This dependence of the degree of dissociation upon the temper- 
ature agrees very well with the measurements of the electric 
conductivity of water at different temperatures by Kohlrausch 
and Heydweiller, Noyes, and Lundén. 


II. Dissociation of a Dissolved Electrolyte. 
Let the system consists of an aqueous solution of acetic acid: 


noH,0, mH4C202, oH, nglI3C20>. 


The change under consideration consists in the dissociation of a 


1 Ad Heydweiller, Ann. d. Phys., 28, 506, 1909, 
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molecule H,C,O, into its two ions, therefore 
Vo = 0, VALS — 1, yo its 3 Ale 
Hence, for the state of equilibrium, in accordance with (6): 


— log ce: + log cz + log c3 = log K, 


or, since Cz = ¢3: 


Now the sum c; + cz = ¢ is to be regarded as known, since the 
total number of the undissociated and dissociated acid molecules 
is independent of the degree of dissociation. Therefore c, and 
c2 may be calculated from K and c. An experimental test of the 
equation of equilibrium is possible on account of the connection 
between the degree of dissociation and electrical conductivity of 
the solution. In accordance with the electrolytic dissociation 
theory of Arrhenius, the ratio of the molecular conductivity A of 
the solution in any dilution to the molecular conductivity \, 
of the solution in infinite dilution is: 


since electric conduction is accounted for by the dissociated mole- 
cules only. It follows then, with the aid of the last equation, that: 


ce 
Aw —A 


= K -), = const. 


With unlimited decreasing c, d increases to Ay. This “law of 
dilution” for binary electrolytes, first enunciated by Ostwald, has 
been confirmed in numerous cases by experiment, as in the case 
of acetic acid. 

Also, the dependence of the degree of dissociation upon the 
temperature is indicated here in quite an analogous manner to 
that in the example considered above, of the dissociation of water, 
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Ill. Vaporization or Solidification of a Pure Liquid. 


In equilibrium the system consists of two phases, one liquid, 
and one gaseous or solid: 


, If 
NyMo | No’ mo’. 


Each phase contains only a single molecular complex (the 
solvent), but the molecules in both phases do not need to be the 
same. Now, if a liquid molecule evaporates or solidifies, then 
in our notation 


uz) 
y= -— 1, Gee 


and consequently the condition for equilibrium, in accordance 
with (6), is: 
0 = log K. (8) 


Since K depends only upon p and 7, this equation therefore 
expresses a definite relation between p and T: the law of de- 
pendence of the pressure of vaporization (or melting pressure) 
upon the temperature, or vice versa. The import of this law is 
obtained through the consideration of the dependence of the 
quantity K upon p and 7. If we form the complete differential 
of the last equation, there results: 


Op oT af 
or, in accordance with (7): 
_ VEY, AQ 
O= — pd + T? dT. 
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or, referred to unit mass: 


AQ r( 2 co) 


Mo’ mo 


the well-known formula of Carnot and Clapeyron. 


IV. The Vaporization or Solidification of a Solution of Non-V olatile 
Substances. 


Most aqueous salt solutions afford examples. The symbol of 
the system in this case is, since the second phase (gaseous or solid) 
contains only a single molecular complex: 


MoMo, NM, N2M2, +++ | No’mMo!. 
The change is represented by: 
, mo 


v= — 1, 1 = 0, » = 0,7 se? Yo = San 9 
Mo 


and hence the condition of equilibrium, in accordance with (6), is: 
— log co = log K, 


or, since to small quantities of higher order: 


coe rome ep pgs elas alates 
oto + m+ m+ +: no : 
M1 + M2 + paisa 
= log K. (9) 


A comparison with formula (8), found in example III, shows 
that through the solution of a foreign substance there is involved 
in the total concentration a small proportionate departure from 
the law of vaporization or solidification which holds for the pure 
solvent. One can express this, either by saying: at a fixed pres- 
sure p, the boiling point or the freezing point 7’ of the solution 
is different than that (7) for the pure solvent, or: at a fixed 
pressure 7’ the vapor pressure or solidification pressure p of the 
solution is different from that (po) of the pure solvent. Let us 
calculate the departure in both cases. 
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1. If 7 be the boiling (or freezing temperature) of the pure 
solvent at the pressure p, then, in accordance with (8): 


(log Kk) T= = 0, 
and by subtraction of (9) there results: 
my + M2 + - 


No 


log K = (log K) r-1, = 


Now, since 7 is little different from 7, we may write in place of 
this equation, with the aid of (7): 


ae AQ Qe ee ee 
( 1) = pra — To) = no 5) 
and from this it follows that: 


m1 Pips: Ray 
— 

This is the law for the raising of the boiling point or for the 
lowering of the freezing point, first derived by van’t Hoff: in the 
case of freezing AQ (the heat taken from the surroundings during 
the freezing of a liquid molecule) is negative. Since np and AQ 
occur only as a product, it is not possible to infer anything from 
this formula with regard to the molecular number of the liquid 
solvent. 

2. If po be the vapor pressure of the pure solvent at the 
temperature 7’, then, in accordance with (8): 


(log K)p—p, = 0, 
and by subtraction of (9) there results: 
gy a 


no 


log K — (log K)p_p, = 


Now, since p and po are nearly equal, with the aid of (7) we may 
write: 


0 log K AV M+ mt eee 
3p 2 BO) = — yO Pa ee 


no 
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and from this it follows, if AV be placed equal to the volume of 
the gaseous molecule produced in the vaporization of a liquid 
molecule: 


m, RT 
aes 
Pp 
Po— P_ mo’ m+ m+ oiexe 
Pp Mo No ‘ 


This is the law of relative depression of the vapor pressure, 
first derived by van’t Hoff. Since no and mo occur only as a 
product, it is not possible to infer from this formula anything 
with regard to the molecular weight of the liquid solvent. Fre- 
quently the factor mo’/mpo is left out in this formula; but this is 
not allowable when mo and mp’ are unequal (as, e. g., in the 
case of water). 


V. Vaporization of a Solution of Volatile Substances. 
(E. g., a Suffictently Dilute Solution of Propyl Alcohol in Water.) 


The system, consisting of two phases, is represented by the 
following symbol: 


, , , , , , 
NoMo, N1M1, NeMe, +++ | Mo’Mo’, N/m’, N/M’, +++, 


wherein, as above, the figure 0 refers to the solvent and the 
figures 1, 2, 3 --- refer to the various molecular complexes of 
the dissolved substances. By the addition of primes in the case 
of the molecular weights (mo’, m1’, m2’ ---) the possibility is 
left open that the various molecular complexes in the vapor 
may possess a different molecular weight than in the liquid. 

Since the system here considered may experience varicus sorts 
of changes, there are also various conditions of equilibrium to 
fulfill, each of which relates to a definite sort of transformation. 
Let us consider first that change which consists in the vaporiza- 
tion of the solvent. In accordance with our scheme of notation, 
the following conditions hold: 


mo ’ , 
y= —1, 1 = 0, » = 0, Fe am vy’ = 0, vo’ = 0, ++, 
0 
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and, therefore, the condition of equilibrium (6) becomes: 


— log eo + nat OB Co’ = log K, 


or, if one substitutes: 


i Tae , Wee 
Co = 1 — —————- and. o)’ = 1 —- ; : 
No no 
M+ meters Mo My + Ne’ + 
=a ee lO 
no mo No 


If we treat this equation upon equation (9) as a model, there 
results an equation similar to (10): 


NoMo No’ Mo’ AQ 


Here AQ is the heat effect in the vaporization of one molecule 
of the solvent and, therefore, AQ/mo is the heat effect in the 
vaporization of a unit mass of the solvent. 

We remark, once more, that the solvent always occurs in the 
formula through the mass only, and not through the molecular 
number or the molecular weight, while, on the other hand, in the 
case of the dissolved substances, the molecular state is character- 
istic on account of their influence upon vaporization. Finally, the 
formula contains a generalization of the law of van’t Hoff, stated 
above, for the raising of the boiling point, in that here in place 
of the number of dissolved molecules in the liquid, the difference 
between the number of dissolved molecules in unit mass of the 
liquid and in unit mass of the vapor appears. According as the 
unit mass of liquid or the unit mass of vapor contains more 
dissolved molecules, there results for the solution a raising or 
lowering of the boiling point; in the limiting case, when both 
quantities are equal, and the mixture therefore boils without 
changing, the change in boiling point becomes equal to zero, 
Of course, there are corresponding laws holding for the change 
in the vapor pressure. 
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Let us consider now a change which consists in the vaporization 
of a dissolved molecule. For this case we have in our notation 


m1 

yo = 0,7, = — 1,72, = 0---, v9’ = 0, 1’ = —, v.’ = 0, - 
My 

and, in accordance with (6), for the condition of equilibrium: 


m 
— log a+ ——log cy’ = log K 
m1 


or: 


This equation expresses the Nernst law of distribution. If 
the dissolved substance possesses in both phases the same 
molecular weight (mi = m,’), then, in a state of equilibrium a 
fixed ratio of the concentrations c; and c;’ in the liquid and in the 
vapor exists, which depends only upon the pressure and tempera- 
ture. But, if the dissolved substance polymerises somewhat in 
the liquid, then the relation demanded in the last equation ap- 
pears in place of the simple ratio. 


VI. The Dissolved Substance only Passes over into the Second 
Phase. 

This case is in a certain sense a special case of the one preceding. 
To it belongs that of the solubility of a slightly soluble salt, 
first investigated by van’t Hoff, e. g., succinic acid in water. The 
symbol of this system is: 

noH20, mieCs04 | no HeC's0s, 


in which we disregard the small dissociation of the acid solution. 
The concentrations of the individual molecular complexes are: 


No : ny , _ No 
Co = ’ ‘i 5) = 
No + 1 No + 14 No 


For the precipitation of solid succinic acid we have: 


Vo =" 0; y= — |, vy = 1, 
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and, therefore, frum the condition of equilibrium (6): 


— log cy = log K, 
hence, from (7): 


noes pp oe ae 


By means of this equation van’t Hoff calculated the heat of 
solution AQ from the solubility of succinic acid at 0° and at 8.5° 
C. The corresponding numbers were 2.88 and 4.22 in an arbi- 
trary unit. Approximately, then: 


A loge: _ log 4.22 — log 2.88 
2) 8.5 
from which for 7' = 273: 


= 0.04494, 


AQ = — 1.98 - 273? - 0.04494 = — 6,600 cal., 


that is, in the precipitation of a molecule of succinic acid, 6,600 
cal. are given out to the surroundings. Berthelot found, how- 
ever, through direct measurement, 6,700 calories for the heat 
of solution. 

The absorption of a gas also comes under this head, e. g. 
carbonic acid, in a liquid of relatively unnoticeable smaller 
vapor pressure, e. g., water at not too high a temperature. The 
symbol of the system is then 


noH20, niCOz | no’ COs. 
The vaporization of a molecule CO, corresponds to the values 
y=0, yn=—1, »’ = 1. 
The condition of equilibrium is therefore again: 
— log ec: = log K, 


i.e. at a fixed temperature and a fixed pressure the concentration 
c, of the gas in the solution is constant. The change of the concen- 
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tration with p and T is obtained through substitution in equation 
(7). It follows from this that: 


Ologe, AV @loge, AQ 
oo RT OF” a 
AV is the change in volume of the system which occurs in the 
isobaric-isothermal vaporization of a molecule of CO., AQ the 
quantity of heat absorbed in the process from outside. Now, 
since AV represents approximately the volume of a molecule of 
gaseous carbonic acid, we may put approximately: 


aa 
ena | P 
and the equation gives: 
dloge, 1 
Opp’ 


which integrated, gives: 
log c1 = log p+ const., c1 = Cp, 


i. e., the concentration of the dissolved gas is proportional to the 
pressure of the free gas above the solution (law of Henry and 
Bunsen). Thefactor of proportionality C, which furnishes a meas- 
ure of the solubility of the gas, depends upon the heat effect in 
quite the same manner as in the example previously considered. 

A number of no less important relations are easily derived as 
by-products of those found above, e. g., the Nernst laws con- 
cerning the influence of solubility, the Arrhenius theory of iso- 
hydric solutions, etc. All such may be obtained through the 
application of the general condition of equilibrium (6). In 
conclusion, there is one other case that I desire to treat here. 
In the historical development of the theory this has played a 
particularly important réle. 


VII. Osmotic Pressure. 
We consider now a dilute solution separated by a membrane 
(permeable with regard to the solvent but impermeable as 
regards the dissolved substance) from the pure solvent (in the 
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same state of aggregation), and inquire as to the condition of 
equilibrium. The symbol of the system considered we may again 


take as 
, 
NoMo, N1M1, NeM2, **° | No Mo. 


The condition of equilibrium is also here again expressed by 
equation (6), valid for a change of state in which the temperature 
and the pressure in each phase is maintained constant. ‘The 
only difference with respect to the cases treated earlier is this, 
that here, in the presence of a separating membrane between 
two phases, the pressure p in the first phase may be different from 
the pressure p’ in the second phase, whereby by “pressure,” as 
always, is to be understood the ordinary hydrostatic or mano- 
metric pressure. 

The proof of the applicability of equation (6) is found in the 
same way as this equation was derived above, proceeding from the 
principle of increase of entropy. One has but to remember that, 
in the somewhat more general case here considered, the external 
work in a given change is represented by the sum pdV + p’dV’, 
where V and V’ denote the volumes of the two individual phases, 
while before V denoted the total volume of all phases. Accord- 
ingly, we use, instead of (7), to express the dependence of the 
constant K in (6) upon the pressure: 


OlogK AV dilogek Ay” u 
i ORT “age Ce oe 


We have here to do with the following change: 


y= — 1, vy, = 0, ve = 0, reas vy = 1, 


whereby is expressed, that a molecule of the solvent passes out 
of the solution through the membrane into the pure solvent. 
Hence, in accordance with (6): 


— log co = log K, 
or, since 
niet Paces Mee 
SAE ia Sete ae Gs 


Ng Tho 


Co=1— 


THERMODYNAMIC STATES OF EQUILIBRIUM. 39 


Here K depends only upon 7, p and p’. If a pure solvent were 
present upon both sides of the membrane, we should have 
co = 1, and p = p’; consequently: 


(log TS) gy = 0, 
and by subtraction of the last two equations: 


0 log K 


n - nN + nek 2 
ag bog K ~ og K) mew = 35 — P' 
and in accordance with (11): 
Ti = eee 
no ~ Ae Pe 
Here AV denotes the change in volume of the solution due to the 
loss of a molecule of the solvent (vo = — 1). Approximately 
then: 
—AV. no = V,; 
the volume of the whole solution, and 
Jon a a le 
no = P RT’ 


If we call the difference p — p’, the osmotic pressure of the 
solution, this equation contains the well known law of osmotic 
pressure, due to van’t Hoff. 

The equations here derived, which easily permit of multiplica- 
tion and generalization, have, of course, for the most part not been 
derived in the ways described above, but have been derived, 
either directly from experiment, or theoretically from the con- 
sideration of Special reversible isothermal cycles to which the 
thermodynamic law was applied, that in such a cyclic process 
not only the algebraic sum of the work produced and the heat 
produced, but that also each of these two quantities separately, is 
equal to zero (first lecture, p. 19). The employment of a cyclic 
process has the advantage over the procedure here proposed, 
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that in it the connection between the directly measurable quan- 
tities and the requirements of the laws of thermodynamics 
succinctly appears in each case; but for each individual case a 
satisfactory cyclic process must be imagined, and one has not 
always the certain assurance that the thermodynamic realization 
of the cyclic process also actually supplies all the conditions 
of equilibrium. Furthermore, in the process of calculation 
certain terms of considerable weight frequently appear as 
empty ballast, since they disappear at the end in the sum- 
mation over the individual phases of the process. 

On the other hand, the significance of the process here em- 
ployed consists therein, that the necessary and sufficient condi- 
tions of equilibrium for each individually considered case appear 
collectively in the single equation (6), and that they are derived 
collectively from it in a direct manner through an unambiguous 
procedure. The more complicated the systems considered are, 
the more apparent becomes the advantage of this method, and 
there is no doubt in my mind that in chemical circles it will be 
more and more employed, especially, since in general it is now 
the custom to deal directly with the energies, and not with cyclic 
processes, in the calculation of heat effects in chemical changes. 
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Tue Atomic THEORY oF MATTER. 


The problem with which we shall be occupied in the present 
lecture is that of a closer investigation of the atomic theory of 
matter. It is, however, not my intention to introduce this 
theory with nothing further, and to set it up as something apart 
and disconnected with other physical theories, but I intend above 
all to bring out the peculiar significance of the atomic theory as 
related to the present general system of theoretical physics; for 
in this way only will it be possible to regard the whole system 
as one containing within itself the essential compact unity, and 
thereby to realize the principal object of these lectures. 

Consequently it is self evident that we must rely on that sort 
of treatment which we have recognized in last week’s lecture as 
fundamental. ‘That is, the division of all physical processes into 
reversible and irreversible processes. Furthermore, we shall be 
convinced that the accomplishment of this division is only pos- 
sible through the atomic theory of matter, or, in other words, 
that irreversibility leads of necessity to atomistics. 

I have already referred at the close of the first lecture to the 
fact that in pure thermodynamics, which knows nothing of an 
atomic structure and which regards all substances as absolutely 
continuous, the difference between reversible and irreversible 
processes can only be defined in one way, which a priori carries 
a provisional character and does not withstand penetrating anal- 
ysis. This appears immediately evident when one reflects that 
the purely thermodynamic definition of irreversibility which 
proceeds from the impossibility of the realization of certain 
changes in nature, as, e. g., the transformation of heat into 
work without compensation, has at the outset assumed a defi- 


nite limit to man’s mental capacity, while, however, such a 
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limit is not indicated in reality. On the contrary: mankind is 
making every endeavor to press beyond the present boundaries 
of its capacity, and we hope that later on many things will be 
attained which, perhaps, many regard at present as impossible 
of accomplishment. Can it not happen then that a process, 
which up to the present has been regarded as irreversible, may 
be proved, through a new discovery or invention, to be reversible? 
In this case the whole structure of the second law would undeni- 
ably collapse, for the irreversibility of a single process conditions 
that of all the others. 

It is evident then that the only means to assure to the second 
law real meaning consists in this, that the idea of irreversibility 
be made independent of any relationship to man and especially of 
all technical relations. 

Now the idea of irreversibility harks back to the idea of entropy; 
for a process is irreversible when it is connected with an increase 
of entropy. The problem is hereby referred back to a proper 
improvement of the definition of entropy. In accordance with 
the original definition of Clausius, the entropy is measured by 
means of a certain reversible process, and the weakness of this 
definition rests upon the fact that many such reversible processes, 
strictly speaking all, are not capable of being carried out in 
practice. With some reason it may be objected that we have 
here to do, not with an actual process and an actual physicist, 
but only with ideal processes, so-called thought experiments, and 
with an ideal physicist who operates with all the experimental 
methods with absolute accuracy. But at this point the difficulty 
is encountered: How far do the physicist’s ideal measurements 
of this sort suffice? It may be understood, by passing to the 
limit, that a gas is compressed by a pressure which is equal to 
the pressure of the gas, and is heated by a heat reservoir which 
possesses the same temperature as the gas, but, for example, 
that a saturated vapor shall be transformed through isothermal 
compression in a reversible manner to a liquid without at any 
time a part of the vapor being condensed, as in certain ther- 
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modynamic considerations is supposed, must certainly appear 
doubtful. Still more striking, however, is the liberty as regards 
thought experiments, which in physical chemistry is granted the 
theorist. With his semi-permeable membranes, which in reality 
are only realizable under certain special conditions and then 
only with a certain approximation, he separates in a reversible 
manner, not only all possible varieties of molecules, whether or 
not they are in stable or unstable conditions, but he also sepa- 
rates the oppositely charged ions from one another and from the 
undissociated molecules, and he is disturbed, neither by the 
enormous electrostatic forces which resist such a separation, nor 
by the circumstance that in reality, from the beginning of the 
separation, the molecules become in part dissociated while the 
ions in part again combine. But such ideal processes are nec- 
essary throughout in order to make possible the comparison of 
the entropy of the undissociated molecules with the entropy of 
the dissociated molecules; for the law of thermodynamic equi- 
librium does not permit in general of derivation in any other way, 
in case one wishes to retain pure thermodynamics asa basis. It 
must be considered remarkable that all these ingenious thought 
processes have so well found confirmation of their results in 
experience, as is shown by the examples considered by us in the 
last lecture. 

If now, on the other hand, one reflects that in all these results 
every reference to the possibility of actually carrying out each 
ideal process has disappeared—there are certainly left relations 
between directly measurable quantities only, such as tempera- 
ture, heat effect, concentration, etc.—the presumption forces 
itself upon one that perhaps the introduction as above of such 
ideal processes is at bottom a round-about method, and that 
the peculiar import of the principle of increase of entropy with 
all its consequences can be evolved from the original idea of 
irreversibility or, just as well, from the impossibility of perpetual 
motion of the second kind, just as the principle of conservation 
of energy has been evolved from the law of impossibility of 
perpetual motion of the first kind. 
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This step: to have completed the emancipation of the entropy 
idea from the experimental art of man and the elevation of the 
second law thereby to a real principle, was the scientific life’s 
work of Ludwig Boltzmann. Briefly stated, it consisted in 
general of referring back the idea of entropy to the idea of 
probability. Thereby is also explained, at the same time, the 
significance of the above (p. 17) auxiliary term used by me; 
“preference” of nature for a definite state. Nature prefers the 
more probable states to the less probable, because in nature 
processes take place in the direction of greater probability. Heat 
goes from a body at higher temperature to a body at lower 
temperature because the state of equal temperature distribution 
is more probable than a state of unequal temperature distribution. 

Through this conception the second law of thermodynamics 
is removed at one stroke from its isolated position, the mystery 
concerning the preference of nature vanishes, and the entropy 
principle reduces to a well understood law of the calculus of 
probability. 

The enormous fruitfulness of so “objective” a definition of 
entropy for all domains of physics I shall seek to demonstrate 
in the following lectures. But today we have principally to do 
with the proof of its admissibility; for on closer consideration we 
shall immediately perceive that the new conception of entropy 
at once introduces a great number of questions, new requirements 
and difficult problems. The first requirement is the introduction 
of the atomic hypothesis into the system of physics. For, if one 
wishes to speak of the probability of a physical state, i. e., if he 
wishes to introduce the probability for a given state as a definite 
quantity into the calculation, this can only be brought about, as 
in cases of all probability calculations, by referring the state back 
to a variety of possibilities; i. e., by considering a finite number 
of a priori equally likely configurations (complexions) through 
each of which the state considered may be realized. The greater 
the number of complexions, the greater is the probability of the 
state. Thus, e. g., the probability of throwing a total of four 
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with two ordinary six-sided dice is found through counting the 
complexions by which the throw with a total of four may be 
realized. Of these there are three complexions: 


with the first die, 1, with the second die, 3, 
with the first die, 2, with the second die, 2, 
with the first die, 3, with the second die, 1. 


On the other hand, the throw of two is only realized through 
a single complexion. Therefore, the probability of throwing a 
total of four is three times as great as the probability of throwing 
a total of two. 

Now, in connection with the physical state under consideration, 
in order to be able to differentiate completely from one another 
the complexions realizing it, and to associate it with a definite 
reckonable number, there is obviously no other means than to 
regard it as made up of numerous discrete homogeneous elements 
—for in perfectly continuous systems there exist no reckonable 
elements—and hereby the atomistic view is made a fundamental 
requirement. We have, therefore, to regard all bodies in nature, 
in so far as they possess an entropy, as constituted of atoms, and 
we therefore arrive in physics at the same conception of matter as 
that which obtained in chemistry for so long previously. 

But we can immediately go a step further yet. The conclu- 
sions reached hold, not only for thermodynamics of material 
bodies, but also possess complete validity for the processes of 
heat radiation, which are thus referred back to the second law 
of thermodynamics. That radiant heat also possesses an entropy 
follows from the fact that a body which emits radiation into a sur- 
rounding diathermanous medium experiences a loss of heat and, 
therefore, a decrease of entropy. Since the total entropy of 
a physical system can only increase, it follows that one part 
of the entropy of the whole system, consisting of the body and the 
diathermanous medium, must be contained in the radiated heat. 
If the entropy of the radiant heat is to be referred back to the 
notion of probability, we are forced, in a similar way as above, to 
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the conclusion that for radiant heat the atomic conception 
possesses a definite meaning. But, since radiant heat is not 
directly connected with matter, it follows that this atomistic con- 
ception relates, not to matter, but only to energy, and hence, 
that in heat radiation certain energy elements play an essential 
réle. Even though this conclusion appears so singular and even 
though in many circles today vigorous objection is strongly urged 
against it, in the long run physical research will not be able 
to withhold its sanction from it, and the less, since it is confirmed 
by experience in quite a satisfactory manner. We shall return 
to this point in the lectures on heat radiation. I desire here 
only to mention that the novelty involved by the introduction 
of atomistic conceptions into the theory of heat radiation is by no 
means so revolutionary as, perhaps, might appear at the first 
glance. For there is, in my opinion at least, nothing which makes 
necessary the consideration of the heat processes in a complete 
vacuum as atomic, and it suffices to seek the atomistic features at 
the source of radiation, i. e., in those processes which have 
their play in the centres of emission and absorption of radiation. 
Then the Maxwellian electrodynamic differential equations can 
retain completely their validity for the vacuum, and, besides, 
the discrete elements of heat radiation are relegated exclusively 
to a domain which is still very mysterious and where there is 
still present plenty of room for all sorts of hypotheses. 
Returning to more general considerations, the most important 
question comes up as to whether, with the introduction of atomis- 
tic conceptions and with the reference of entropy to probability, 
the content of the principle of increase of entropy is exhaustively 
comprehended, or whether still further physical hypotheses are re- 
quired in order to secure the full import of that principle. If this 
important question had been settled at the time of the intro- 
duction of the atomic theory into thermodynamics, then the 
at mistic views would surely have been spared a large number of 
conceivable misunderstandings and justifiable attacks. For it 
turns out, in fact—and our further considerations will con- 
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firm this conclusion—that there has as yet nothing been done with 
atomistics which in itself requires much more than an essen- 
tial generalization, in order to guarantee the validity of the 
second law. 

We must first reflect that, in accordance with the central 
idea laid down in the first lecture (p. 7), the second law must 
possess validity as an objective physical law, independently of 
the individuality of the physicist. There is nothing to hinder 
us from imagining a physicist—we shall designate him a “ mi- 
croscopic’”’ observer—whose senses are so sharpened that he 
is able to recognize each individual atom and to follow it in 
its motion. For this observer each atom moves exactly in 
accordance with the elementary laws which general dynamics 
lays down for it, and these laws allow, so far as we know, of an 
inverse performance of every process. Accordingly, here again 
the question is neither one of probability nor of entropy and its 
increase. Let us imagine, on the other hand, another ob- 
server, designated a “macroscopic” observer, who regards an 
ensemble of atoms as a homogeneous gas, say, and consequently 
applies the laws of thermodynamics to the mechanical and thermal 
processes within it. Then, for such an observer, in accordance 
with the second law, the process in general is an irreversible 
process. Would not now the first observer be justified in saying: 
“The reference of the entropy to probability has its origin in 
the fact that irreversible processes ought to be explained through 
reversible processes. At any rate, this procedure appears to me 
in the highest degree dubious. In any case, I declare each change 
of state which takes place in the ensemble of atoms designated 
a gas, as reversible, in opposition to the macroscopic observer.” 
There is not the slightest thing, so far as I know, that one can 
urge against the validity of these statements. But do we not 
thereby place ourselves in the painful position of the judge who 
declared in a trial the correctness of the position of each separately 
of two contending parties and then, when a third contends that 
only one of the parties could emerge from the process victorious, 
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was obliged to declare him also correct? Fortunately we find our- 
selves in a more favorable position. We can certainly mediate 
between the two parties without its being necessary for one or 
the other to give up his principal point of view. For closer 
consideration shows that the whcle controversy rests upon a mis- 
understanding—a new proof of how necessary it is before one 
begins a controversy to come to an understanding with his 
opponent concerning the subject of the quarrel. Certainly, a 
given change of state cannot be both reversible and irreversible. 
But the one observer connects a wholly different idea with the 
phrase “change of state” than the other. What is then, in 
general, a change of state? The state of a physical system cannot 
well be otherwise defined than as the aggregate of all those phys- 
ical quantities, through whose instantaneous values the time 
changes of the quantities, with given boundary conditions, are 
uniquely determined. If we inquire now, in accordance with 
the import of this definition, of the two observers as to what 
they understand by the state of the collection of atoms or the 
gas considered, they will give quite different answers. The 
microscopic observer will mention those quantities which deter- 
mine the position and the velocities of all the individual atoms. 
There are present in the simplest case, namely, that in which 
the atoms may be considered as material points, six times as many 
quantities as atoms, namely, for each atom the three coordinates 
and the three velocity components, and in the case of combined 
molecules, still more quantities. For him the state and the 
progress of a process is then first determined when all these 
various quantities are individually given. We shall designate 
the state defined in this way the “micro-state.” The macro- 
scopic observer, on the other hand, requires fewer data. He will 
say that the state of the homogeneous gas considered by him is 
determined by the density, the visible velocity and the tempera- 
ture at each point of the gas, and he will expect that, when these 
quantities are given,their time variations and, therefore, the prog- 
ress of the process, to be completely determined in accordance 
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with the two laws of thermo-dynamics, and therefore accompanied 
by an increase in entropy. In this connection he can call upon 
all the experience at his disposal, which will fully confirm his ex- 
pectation. If we call this state the “macro-state,” it is clear that 
the two laws: “the micro-changes of state are reversible” and 
“the macro-changes of state are irreversible,” lie in wholly 
different domains and, at any rate, are not contradictory. 

But now how can we succeed in bringing the two observers to 
an understanding? This is a question whose answer is obviously 
of fundamental significance for the atomic theory. First of all, 
it is easy to see that the macro-observer reckons only with mean 
values; for what he calls density, visible velocity and temperature 
of the gas are, for the micro-observer, certain mean values, statis- 
tical data, which are derived from the space distribution and from 
the velocities of the atoms in an appropriate manner. But the 
micro-observer cannot operate with these mean values alone, for, 
if these are given at one instant of time, the progress of the process 
is not determined throughout; on the contrary: he can easily 
find with given mean values an enormously large number of 
individual values for the positions and the velocities of the atoms, 
all of which correspond with the same mean values and which, in 
spite of this, lead to quite different processes with regard to the 
mean values. It follows from this of necessity that the micro- 
observer must either give up the attempt to undertand the unique 
progress, in accordance with experience, of the macroscopic 
changes of state—and this would be the end of the atomic theory 
—or that he, through the introduction of a special physical 
hypothesis, restrict in a suitable manner the manifold of micro- 
states considered by him. ‘There is certainly nothing to prevent 
him from assuming that not all conceivable micro-states are 
realizable in nature, and that certain of them are in fact thinkable, 
but never actually realized. In the formularization of such a 
hypothesis, there is of course no point of departure to be found 
from the principles of dynamics alone; for pure dynamics leaves 
this case undetermined. But on just this account any dynamical 
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hypothesis, which involves nothing further than a closer specifi- 
cation of the micro-states realized in nature, is certainly permis- 
sible. Which hypothesis is to be given the preference can only 
be decided through comparison of the results to which the 
different possible hypotheses lead in the course of experience. 

Tn order to limit the investigation in this way, we must obviously 
fix our attention only upon all imaginable configurations and 
velocities of the individual atoms which are compatible with 
determinate values of the density, the velocity and the temper- 
ature of the gas, or in other words: we must consider all the 
micro-states which belong to a determinate macro-state, and 
must investigate the various kinds of processes which follow in 
accordance with the fixed laws of dynamics from the different 
micro-states. Now, precise calculation has in every case always 
led to the important result that an enormously large number of 
these different micro-processes relate to one and the same macro- 
process, and that only proportionately few of the same, which are 
distinguished by quite special exceptional conditions concerning 
the positions and the velocities of neighboring atoms, furnish 
exceptions. Furthermore, it has also shown that one of the 
resulting macro-processes is that which the macroscopic ob- 
server recognizes, so that it is compatible with the second law 
of thermodynamics. 

Here, manifestly, the bridge of understanding is supplied. The 
micro-observer needs only to assimilate in his theory the physical 
hypothesis that all those special cases in which special exceptional 
conditions exist among the neighboring configurations of inter- 
acting atoms do not occur in nature, or, in other words, that the 
micro-states are in elementary disorder. Then the uniqueness 
of the macroscopic process is assured and with it, also, the fulfill- 
ment of the principle of increase of entropy in all directions. 

Therefore, it is not the atomic distribution, but rather the 
hypothesis of elementary disorder, which forms the real kernel of 
the principle of increase of entropy and, therefore, the pre- 
liminary condition for the existence of entropy. Without ele- 
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mentary disorder there is neither entropy nor irreversible process.! 
Therefore, a single atom can never possess an entropy; for we 
cannot speak of disorder in connection with it. But with a 
fairly large number of atoms, say 100 or 1,000, the matter is 
quite different. Here, one can certainly speak of a disorder, in 
case that the values of the coordinates and the velocity com- 
ponents are distributed among the atoms in accordance with the 
laws of accident. Then it is possible to calculate the probability 
for a given state. But how is it with regard to the increase of 
entropy? May we assert that the motion of 100 atoms is irre- 
versible? Certainly not; but this is only because the state of 
100 atoms cannot be defined in a thermodynamic sense, since the 
process does not proceed in a unique manner from the standpoint 
of a macro-observer, and this requirement forms, as we have seen 
above, the foundation and preliminary condition for the definition 
of a thermodynamic state. 

If one therefore asks: How many atoms are at least necessary 
in order that a process may be considered irreversible?, the answer 
is: so many atoms that one may form from them definite mean 
values which define the state in a macroscopic sense. One must 
reflect that to secure the validity of the principle of increase of 
entropy there must be added to the condition of elementary dis- 
order still another, namely, that the number of the elements 
under consideration be sufficiently large to render possible the 
formation of definite mean values. The second law has a 
meaning for these mean values only; but for them, it is quite 

1To those physicists who, in spite of all this, regard the hypothesis of 
elementary disorder as gratuitous or as incorrect, I wish to refer the simple 
fact that in every calculation of a coefficient of friction, of diffusion, or of heat 
conduction, from molecular considerations, the notion of elementary disorder 
is employed, whether tacitly or otherwise, and that it is therefore essentially 
more correct to stipulate this condition instead of ignoring or concealing it. But 
he who regards the hypothesis of elementary disorder as self-evident, should 
be reminded that, in accordance with a law of H. Poincaré, the precise in- 
vestigation concerning the foundation of which would here lead us too far, 
the assumption of this hypothesis for all times is unwarranted for a closed 


space with absolutely smooth walls,—an important conclusion, against which 
can only be urged the fact that absolutely smooth walls do not exist in nature. 
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exact, just as exact as the law of the calculus of probability, that 
the mean value, so far as it may be defined, of a sufficiently large 
number of throws with a six-sided die, is 33. 

These considerations are, at the same time, capable of throwing 
light upon questions such as the following: Does the principle of 
increase of entropy possess a meaning for the so-called Brownian 
molecular movement of a suspended particle? Does the kinetic 
energy of this motion represent useful work or not?) The entropy 
principle is just as little valid for a single suspended particle as 
for an atom, and therefore is not valid for a few of them, but 
only when there is so large a number that definite mean values 
can be formed. That one is able to see the particles and not 
the atoms makes no material difference; because the progress of a 
process does not depend upon the power of an observing instru- 
ment. The question with regard to useful work plays no réle 
in this connection; strictly speaking, this possesses, in general, no 
objective physical meaning. For it does not admit of an answer 
without reference to the scheme of the physicist or technician 
who proposes to make use of the work in question. The second 
law, therefore, has fundamentally nothing to do with the idea of 
useful work (cf. first lecture, p. 15). 

But, if the entropy principle is to hold, a further assumption is 
necessary, concerning the various disordered elements,—an 
assumption which tacitly is commonly made and which we 
have not previously definitely expressed. It is, however, not 
less important than those referred to above. The elements must 
actually be of the same kind, or they must at least form a number 
of groups of like kind, e. g., constitute a mixture in which each 
kind of element occurs in large numbers. For only through the 
similarity of the elements does it come about that order and law 
can result in the larger from the smaller. If the molecules of a 
gas be all different from one another, the properties of a gas can 
never show so simple a law-abiding behavior as that which is 
indicated by thermodynamics. In fact, the calculation of the 
probability of a state presupposes that all complexions which 
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correspond to the state are a priori equally likely. Without 
this condition one is just as little able to calculate the probability 
of a given state as, for instance, the probability of a given throw 
with dice whose sides are unequal in size. In summing up we 
may therefore say: the second law of thermodynamics in its 
objective physical conception, freed from anthropomorphism, 
relates to certain mean values which are formed from a large 
number of disordered elements of the same kind. 

The validity of the principle of increase of entropy and of the 
irreversible progress of thermodynamic processes in nature is 
completely assured in this formularization. After the intro- 
duction of the hypothesis of elementary disorder, the microscopic 
observer can no longer confidently assert that each process con- 
sidered by him in a collection of atoms is reversible; for the 
motion occurring in the reverse order will not always obey the 
requirements of that hypothesis. In fact, the motions of single 
atoms are always reversible, and thus far one may say, as before, 
that the irreversible processes appear reduced to a reversible 
process, but the phenomenon as a whole is nevertheless irre- 
versible, because upon reversal the disorder of the numerous 
individual elementary processes would be eliminated. Irre- 
versibility is inherent, not in the individual elementary processes 
themselves, but solely in their irregular constitution. It is 
this only which guarantees the unique change of the macroscopic 
mean values. 

Thus, for example, the reverse progress of a frictional process 
is impossible, in that it would presuppose elementary arrange- 
ment of interacting neighboring molecules. For the collisions be- 
tween any two molecules must thereby possess a certain distin- 
guishing character, in that the velocities of two colliding molecules 
depend in a definite way upon the place at which they meet. 
In this way only can it happen that in collisions like directed 
velocities ensue and, therefore, visible motion. 

Previously we have only referred to the principle of elementary 
disorder in its application to the atomic theory of matter. But 
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it may also be assumed as valid, as I wish to indicate at this 
point, on quite the same grounds as those holding in the case of 
matter, for the theory of radiant heat. Let us consider, e. g., 
two bodies at different temperatures between which exchange of 
heat occurs through radiation. We can in this case also imagine 
a microscopic observer, as opposed to the ordinary macro- 
scopic observer, who possesses insight into all the particulars 
of electromagnetic processes which are connected with emission 
and absorption, and the propagation of heat rays. The micro- 
scopic observer would declare the whole process reversible 
because all electrodynamic processes can also take place in the 
reverse direction, and the contradiction may here be referred 
back to a difference in definition of the state of aheat ray. Thus, 
while the macroscopic observer completely defines a mono- 
chromatic ray through direction, state of polarization, color, and 
intensity, the microscopic observer, in order to possess a complete 
knowledge of an electromagnetic state, necessarily requires the 
specification of all the numerous irregular variations of amplitude 
and phase to which the most homogeneous heat ray is actually 
subject. That such irregular variations actually exist follows 
immediately from the well known fact that two rays of the same 
color never interfere, except when they originate in thesame source 
of light. But until these fluctuations are given in all particulars, 
the micro-observer can say nothing with regard to the progress 
of the process. He is also unable to specify whether the exchange 
of heat radiation between the two bodies leads to a decrease or 
to an increase of their difference in temperature. The principle 
of elementary disorder first furnishes the adequate criterion of 
the tendency of the radiation process, i. e., the warming of the 
colder body at the expense of the warmer, just as the same princi- 
ple conditions the irreversibility of exchange of heat through con- 
duction. However, in the two cases compared, there is indicated 
an essential difference in the kind of the disorder. While in 
heat conduction the disordered elements may be represented 
as associated with the various molecules, in heat radiation there 
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are the numerous vibration periods, connected with a neat ray, 
among which the energy of radiation is irregularly distributed. 
In other words: the disorder among the molecules is a material 
one, while in heat radiation it is one of energy distribution. This 
is the most important difference between the two kinds of dis- 
order; a common feature exists as regards the great number of 
uncoordinated elements required. Just as the entropy of a body 
is defined as a function of the macroscopic state, only when the 
body contains so many atoms that from them definite mean 
values may be formed, so the entropy principle only possesses 
a meaning with regard to a heat ray when the ray comprehends 
so many periodic vibrations, i. e., persists for so long a time, that 
a definite mean value for the intensity of the ray may be obtained 
from the successive irregular fluctuating amplitudes. 

Now, after the principle of elementary disorder has been 
introduced and accepted by us as valid throughout nature, the 
fundamental question arises as to the calculation of the proba- 
bility of a given state, and the actual derivation of the entropy 
therefrom. From the entropy all the laws of thermodynamic 
states of equilibrium, for material substances, and also for 
energy radiation, may be uniquely derived. With regard to 
the connection between entropy and probability, this is inferred 
very simply from the law that the probability of two independent 
configurations is represented by the product of the individual 
probabilities: 

W=W,- W,, 
while the entropy S is represented by the sum of the individual 
entropies: 

S = 8+ &2. 
Accordingly, the entropy is proportional to the logarithm of the 
probability: 

S = klog W. (12) 
kis a universal constant. In particular, it is the same for atomic 
as for radiation configurations, for there is nothing to prevent 
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us assuming that the configuration designated by 1 is atomic, 
while that designated by 2 is a radiation configuration. If k has 
been calculated, say with the aid of radiation measurements, 
then k must have the same value for atomic processes. Later 
we shall follow this procedure, in order to utilize the laws of heat 
radiation in the kinetic theory of gases. Now, there remains, as 
the last and most difficult part of the problem, the calculation of 
the probability W of a given physical configuration in a given 
macroscopic state. We shall treat today, by way of preparation 
for the quite general problem to follow, the simple problem: to 
specify the probability of a given state for a single moving 
material point, subject to given conservative forces. Since the 
state depends upon 6 variables: the 3 generalized coordinates 
%1, ¢2, %3, and the three corresponding velocity components 
$1, 2, ¢3, and since all possible values of these 6 variables con- 
stitute a continuous manifold, the probability sought is, that 
these 6 quantities shall lie respectively within certain infinitely 
small intervals, or, if one thinks of these 6 quantities as the 
rectilinear orthogonal coordinates of a point in an ideal six-di- 
mensional space, that this ideal “state point’’ shall fall within 
a given, infinitely small “state domain.” Since the domain is 
infinitely small, the probability will be proportional to the mag- 
nitude of the domain and therefore proportional to 


Sf dor + dys + des dor + doa + dgs. 


But this expression cannot serve as an absolute measure of 
the probability, because in general it changes in magnitude with 
the time, if each state point moves in accordance with the laws 
of motion of material points, while the probability of a state 
which follows of necessity from another must be the same for 
the one as the other. Now, as is well known, another integral 
quite similarly formed, may be specified in place of the one 
above, which possesses the special property of not changing in 
value with the time. It is only necessary to employ, in addition 
to the general coordinates ¢1, ¢2, ¢3, the three so-called momenta 
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V1, ¥2. Ws, in place of the three velocities ¢1, ¢2, ¢3, as the deter- 
mining coordinates of the state. These are defined in the 
following way: 


_(2H\ (aH), _ (aut 
w= (55), = Ne = (55) 


wherein H denotes the kinetic potential (Helmholz). Then, in 
Hamiltonian form, the equations of motion are: 


oe 43)... ees 
a dt doi)y? dt Nai)? 


(EZ is the energy), and from these equations follows the “con- 
dition of incompressibility ”’: 


Referring to the six-dimensional space represented by the coordi- 
nates ¢1, ¢2, ¢3, ¥1, Y2, 3, this equation states that the magnitude 
of an arbitrarily chosen state domain, viz.: 


S des »dgz + dys + df + dpe - dps 


does not change with the time, when each point of the domain 
changes its position in accordance with the laws of motion of 
material points. Accordingly, it is made possible to take the 
magnitude of this domain as a direct measure for the prob- 
ability that the state point falls within the domain. 

From the last expression, which can be easily generalized for 
the case of an arbitrary number of variables, we shall cal- 
ulate later the probability of a thermodynamic state, for the 
case of radiant energy as well as that for material substances. 


FOURTH LECTURE. 


Tue Equation oF State ror A Monatomic Gas. 


My problem today is to utilize the general fundamental laws 
concerning the concept of irreversibility, which we established 
in the lecture of yesterday, in the solution of a definite problem: 
the calculation of the entropy of an ideal monatomic gas in a 
given state, and the derivation of all its thermodynamic proper- 
ties. The way in which we have to proceed is prescribed for us 
by the general definition of entropy: 


S =k log W. (13) 


The chief part of our problem is the calculation of W for a given 
state of the gas, and in this connection there is first required a 
more precise investigation of that which is to be understood as 
the state of the gas. Obviously, the state is to be taken here 
solely in the sense of the conception which we have called macro- 
scopic in the last lecture. Otherwise, a state would possess 
neither probability nor entropy. Furthermore, we are not 
allowed to assume a condition of equilibrium for the gas. For 
this is characterized through the further special condition 
that the entropy for it is a maximum. Thus, an unequal dis- 
tribution of density may exist in the gas; also, there may be 
present an arbitrary number of different currents, and in general 
no kind of equality between the various velocities of the molecules 
is to be assumed. The velocities, as the coordinates of the 
molecules, are rather to be taken a priori as quite arbitrarily 
given, but in order that the state, considered in a macroscopic 
sense, may be assumed as known, certain mean values of the 
densities and the velocities must exist. Through these mean 
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values the state from a macroscopic standpoint is completely 
characterized. 

The conditions mentioned will all be fulfilled if we consider 
the state as given in such manner that the number of molecules 
in a sufficiently small macroscopic space, but which, however, 
contains a very large number of molecules, is given, and further- 
more, that the (likewise great) number of these molecules is 
given, which are found ina certain macroscopically small velocity 
domain, i. e., whose velocities lie within certain small intervals. 
If we call the coordinates 2, y, z, and the velocity components 
z, y, 2, then this number will be proportional to! 


dx -dy-+dz-dt-dy-dz=a. 


It will depend, besides, upon a finite factor of proportionality 
which may be an arbitrarily given function f(z, y, 2, ¢, y, 2) of 
the coordinates and the velocities, and which has only the one 
condition to fulfill that 

Yf-oc=QN, (14) 


where N denotes the total number of molecules in the gas. 
We are now concerned with the calculation of the probability 
W of that state of the gas which corresponds to the arbitrarily 
given distribution function f. 

The probability that a given molecule possesses such coor- 
dinates and such velocities that it lies within the domain @ is 
expressed, in accordance with the final result of the previous lec- 
ture, by the magnitude of the corresponding elementary domain: 


dy: + doz - dys - dy + dy2 » dps, 
therefore, since here 


Coy) = tay ee 23 ee yi = mi, y.= my, v3 = mz, 


1 We can call o a “ macro-differential” in contradistinction to the micro-dif- 
ferentials which are infinitely small with reference to the dimensions of a 
molecule. I prefer this terminology for the discrimination between “ physical”’ 
and “‘mathematical”’ differentials in spite of the inelegance of phrasing, because 
the macro-differential is also just as much mathematical as physical and the 
micro-differential just as much physical as mathematical. 
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(m the mass of a-molecule) by 
mo. 

Now we divide the whole of the six dimensional “state domain”’ 
containing all the molecules into suitable equal elementary 
domains of the magnitude m’e. Then the probability that a 
given molecule fall in a given elementary domain is equally 
great for all such domains. Let P denote the number of these 
equal elementary domains. Next, let us imagine as many dice 
as there are molecules present, i. e., N, and each die to be 
provided with P equal sides. Upon these P sides we imagine 
numbers 1, 2, 3, --- to P, so that each of the P sides indicates 
a given elementary domain. Then each throw with the N 
dice corresponds to a given state of the gas, while the number of 
dice which show a given number corresponds to the molecules 
which lie in the elementary domain considered. In accordance 
with this, each single die can indicate with the same probability 
each of the numbers from 1 to P, corresponding to the circum- 
stance that each molecule may fall with equal probability in any 
one of the P elementary domains. The probability WV sought, 
of the given state of the molecules, corresponds, therefore, to 
the number of different kinds of throws (complexions) through 
which is realized the given distribution f. Let us take, e. g., 
N equal to 10 molecules (dice) and P = 6 elementary domains 
(sides) and let us imagine the state so given that there are 


3 molecules in 1st elementary domain 
4 molecules in 2d elementary domain 
0 molecules in 3d elementary domain 
1 molecule in 4th elementary domain 
0 molecules in 5th elementary domain 
2 molecules in 6th elementary domain, 


then this state, e. g., may be realized through a throw for which 
the 10 dice indicate the following numbers: 


Ist 2d 3d 4th 5th 6th 7th 8th 9th 10th 
2 6 2 YT 292996092.) 1 4 
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Under each of the characters representing the ten dice stands 
the number which the die indicates in the throw. In fact, 


3 dice show the figure 1 
4 dice show the figure 2 
0 dice show the figure 3 
1 die shows the figure 4 
0 dice show the figure 5 
2 dice show the figure 6. 


The state in question may likewise be realized through many other 
complexions of this kind. The number sought of all possible 
complexions is now found through consideration of the number 
series indicated in (15). For, since the number of molecules 
(dice) is given, the number series contains a fixed number of 
elements (10 = NW). Furthermore, since the number of molecules 
falling in an elementary domain is given, each number, in all 
permissible complexions, appears equally often in the series. 
Finally, each change of the number configuration conditions a 
new complexion. The number of possible complexions or the 
probability W of the given state is therefore equal to the number 
of possible permutations with repetition under the conditions 
mentioned. In the simple example chosen, in accordance with 
a well known formula, the probability is 


10! 
31410! 110121 ~ 12600. 
Therefore, in the general case: 
N! 
We= ifort 


The sign II denotes the product extended over all of the P 
elementary domains. 

From this there results, in accordance with equation (13), for 
the entropy of the gas in the given state: 


S = klog Ni — kd log (f- o)!. 
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The summation is to be extended over all domains o. Since 
f -o isa large quantity, Stirling’s formula may be employed for 
its factorial, which for a large number n is expressed by: 


A= (2) Inn, (16) 


therefore, neglecting unimportant terms: 


log n! = n(log n — 1); 
and hence: 


S = klog N! — k2fo(log [f - «] — 1), 


or, if we note that o and N = Yfo remain constant in all changes 
of state: 


S = const — kif -logf-a. (17) 


This quantity is, to the universal factor (— /), the same as that 
which L. Boltzmann denoted by H, and which he showed to 
vary in one direction only for all changes of state. 

In particular, we will now determine the entropy of a gas ina 
state of equilibrium, and inquire first as to that form of the law of 
distribution which corresponds to thermodynamic equilibrium. 
In accordance with the second law of thermodynamics, a state 
of equilibrium is characterized by the condition that with given 
values of the total volume V and the total energy E, the entropy 
S assumes its maximum value. If we assume the total volume 
of the gas 

V=fde-dy- ds, 
and the total energy 


E=Fr@+ 9+ Me (18) 


as given, then the condition: 
5S = 0 


must hold for the state of equilibrium, or, in accordance with (17): 


Z(log f + 1) - ff - 0 = 0, (19) 
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wherein the variation Sf refers to an arbitrary change in the 
law of distribution, compatible with the given values of NV, V 
and FE. 
Now we have, on account of the constancy of the total number 
of molecules N, in accordance with (14): 


Lif -a = 0 


and, on account of the constancy of the total energy, in accord- 
ance with (18): 
L#H+ y+ 2)-sf-co=0. 


Consequently, for the fulfillment of condition (19) for all per- 
missible values of 6f, it is sufficient and necessary that 


log f + B(@ + 9? + 2) = const, 


or: 
f = ac Pi, 


wherein aw and @ are constants. In the state of equilibrium, 
therefore, the space distribution of molecules is uniform, i. e., 
independent of 2, y, 2, and the distribution of velocities is the 
well known Maxwellian distribution. 

The values of the constants a and 8 are to be found from those 
of N, V and E. For the substitution of the value found for f 


in (14) leads to: 
ron(s) 
— [a4 B ) 


and the substitution of f in (18) leads to: 


_ay,tl(Zy) 
B= ivm'(Z). 


From these equations it follows that: 


a (25) _ 38mN 
SV \ Ay? ft 4a? 


and hence finally, in accordance with (17), the expression for the 
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entropy S of the-gas in a state of equilibrium with given values 


for N, V and Eis: 
S = const + kN(8 log E+ log V). (20) 


The additive constant contains terms in N and m, but not in 
E and V. 

The determination of the entropy here carried out permits 
now the specification directly of the complete thermodynamic 
behavior of the gas, viz., of the equation of state, and of the 
values of the specific heats. From the general thermodynamic 
definition of entropy: 

_dE+ pdV 


dS T 


are obtained the partial differential quotients of S with regard 
to E and V respectively: 


Ge) Lo (7) oY 
CY eG imei 


Consequently, with the aid of (20): 


ee 
dE), 2B T° (21) 
and 
as kN p 
(7),- ee Se 
The second of these equations: 
kNT 
pr= ys 


contains the laws of Boyle, Gay Lussac and Avogadro, the latter 
because the pressure depends only upon the number N, and not 
upon the constitution of the molecules. Writing it in the 
ordinary form: 


RnT 
ae 
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where m denotes the number of gram molecules or mols of the 
gas, referred to O2 = 32g, and R the absolute gas constant: 

R= 82l5- 10, 
deg 
we obtain by comparison: 


(23) 


If we denote the ratio of the mol number to the molecular 
number by w, or, what is the same thing, the ratio of the 
molecular mass to the mol mass: 


and hence: 
k = oR. (24) 


From this, if w is given, we can calculate the universal constant 
k, and conversely. 
The equation (21) gives: 
E = &kNT. (25) 


Now since the energy of an ideal gas is given by: 
E= Anc,f, 
wherein c, denotes in calories the heat capacity at constant 


volume of a mol, A the mechanical equivalent of heat: 


An 100! 
cal 


it follows that: 


= 3.0, (26) 
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the mol heat in calories of any monatomic gas at constant volume. 
For the mol heat c, at constant pressure we have from the 
first law of thermodynamics 
R 


Cae 09 = ae 


and, therefore, having regard to (26): 


a known result for monatomic gases. 
The mean kinetic energy L of a molecule is obtained from (25): 


L= <= 1) (27) 


You notice that we have derived all these relations through the 
identification of the mechanical with the thermodynamic ex- 
pression for the entropy, and from this you recognize the fruit- 
fulness of the method here proposed. 

But a method can first demonstrate fully its usefulness when 
we utilize it, not only to derive laws which are already known, 
but when we apply it in domains for whose investigation there 
at present exist no other methods. In this connection its 
application affords various possibilities. Take the case of a 
monatomic gas which is not sufficiently attenuated to have the 
properties of the ideal state; there are here, as pointed out by 
J.D. van der Waals, two things to consider: (1) the finite size of 
the atoms, (2) the forces which act among the atoms. Taking 
account of these involves a change in the value of the probability 
and in the energy of the gas as well, and, so far as can now be 
shown, the corresponding change in the conditions for thermo- 
dynamic equilibrium leads to an equation of state which agrees 
with that of van der Waals. Certainly there is here a rich field 
for further investigations, of greater promise when experimental 
tests of the equation of state exist in larger number. 
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Another important application of the theory has to do with 
heat radiation, with which we shall be occupied the coming 
week. We shall proceed then in a similar way as here, and shall 
be able from the expression for the entropy of radiation to derive 
the thermodynamic properties of radiant heat. 

Today we will refer briefly to the treatment of polyaton. 
gases. I have previously, upon good grounds, limited the treat- 
ment to monatomic molecules; for up to the present real dif- 
ficulties appear to stand in the way of a generalization, from 
the principles employed by us, to include polyatomic molecules; in 
fact, if we wish to be quite frank, we must say that a satisfactory 
mechanical theory of polyatomic gases has not yet been found. 
Consequently, at present we do not know to what place in the 
system of theoretical physics to assign the processes within a 
molecule—the intra-molecular processes. We are obviously con- 
fronted by puzzling problems. A noteworthy and much dis- 
cussed beginning was, it is true, made by Boltzmann, who intro- 
duced the most plausible assumption that for intra-molecular 
processes simple laws of the same kind hold as for the motion of 
the molecules themselves, 7. e., the general equations of dynamics. 
It is easy then, in fact, to proceed to the proof that for a mona- 
tomic gas the molecular heat c, must be greater than 3 and that 
consequently, since the difference cp — c, 1s always equal to 2, 
the ratio is 

Cp _ Cv + 2 < §. 
Gs Cy 


This conclusion is completely confirmed by experience. But this 
in itself does not confirm the assumption of Boltzmann; for, 
indeed, the same conclusion is reached very simply from the 
assumption that there exists intra-molecular energy which 
increases with the temperature. For then the molecular heat 
of a polyatomic gas must be greater by a corresponding amount 
than that of a monatomic gas. 

Nevertheless, up to this point the Boltzmann theory never leads 
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to contradiction with experience. But so soon as one seeks to 
draw special conclusions concerning the magnitude of the specific 
heats hazardous difficulties arise; I will refer to only one of them. 
If one assumes the Hamiltonian equations of mechanics as 
applicable to intra-molecular motions, he arrives of necessity at 
the law of “uniform distribution of energy,” which asserts that 
under certain conditions, not essential to consider here, in a 
thermodynamic state of equilibrium the total energy of the gas 
is distributed uniformly among all the individual energy phases 
corresponding to the independent variables of state, or, as 
one may briefly say; the same amount of energy is associated 
with every independent variable of state. Accordingly, the 
mean energy of motion of the molecules 3/7, corresponding to a 
given direction in space, is the same as for any other direction, 
and, moreover, the same for all the different kinds of molecules, 
and ions; also for all suspended particles (dust) in the gas, of 
whatever size, and, furthermore, the same for all kinds of motions 
of the constituents of a molecule relative to its centroid. If 
one now reflects that a molecule commonly contains, so far as 
we know, quite a large number of different freely moving 
constituents, certainly, that a normal molecule of a mon- 
atomic gas, e. g., mercury, possesses numerous freely moving 
electrons, then, in accordance with the law of uniform energy 
distribution, the intra-molecular energy must constitute a much 
larger fraction of the whole specific heat of the gas, and therefore 
¢p/cy must turn out much smaller, than is consistent with the 
measured values. Thus, e. g., for an atom of mercury, in 
accordance with the measured value of c,/c, = 5/3, no part 
whatever oft he heat added may be assigned to the intra-molecular 
energy. Boltzmann and others, in order to eliminate this con- 
tradiction, have fixed upon the possibility that, within the time 
of observation of the specific heats, the vibrations of the con- 
stituents (of a molecule) do not change appreciably with respect 
to one another, and come later with their progressive motion so 
slowly into heat equilibrium that this process is no longer capable 


EQUATION OF STATE FOR A MONATOMIC GAS. 69 


2 


of detection through observation. Up to now no such delay in, 
the establishment of a state of equilibrium has been observed. 
Perhaps it would be productive of results if in delicate measure- 
ments special attention were paid the question as to whether 
observations which take a longer time lead to a greater value of 
the mol-heat, or, what comes to the same thing, a smaller value 
of c,/cy, than observations lasting a shorter time. 

If one has been made mistrustful through these considerations 
concerning the applicability of the law of uniform energy dis- 
tribution to intra-molecular processes, the mistrust is accentuated 
upon the inclusion of the laws of heat radiation. I shall make 
mention of this in a later lecture. 

When we pass from stable atoms to the unstable atoms of 
radioactive substances, the principles following from the kinetic 
gas theory lose their validity completely. For the striking 
failure of all attempts to find any influence of temperature 
upon radioactive phenomena shows us that an application here of 
the law of uniform energy distribution is certainly not warranted. 
It will, therefore, be safest meanwhile to offer no definite con- 
jectures with regard to the nature and the laws of these note- 
worthy phenomena, and to leave this field for further development 
to experimental research alone, which, I may say, with every 
day throws new light upon the subject. 
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Last week I endeavored to point out that we find in the 
atomic theory a complete explanation for the whole content of 
the two laws of thermodynamics, if we, with Boltzmann, define 
the entropy by the probability, and I have further shown, in the 
example of an ideal monatomic gas, how the calculation of the 
probability, without any additional special hypothesis, enables 
us not only to find the properties of gases known from ther- 
modynamics, but also to reach conclusions which lie essen- 
tially beyond those of pure thermodynamics. Thus, e. g., 
the law of Avogadro in pure thermodynamics is only a defi- 
nition, while in the kinetic theory it is a necessary conse- 
quence; furthermore, the value of c,, the mol-heat of a gas, is 
completely undetermined by pure thermodynamics, but from the 
kinetic theory it is of equal magnitude for all monatomic gases 
and, in fact, equal to 3, corresponding to our experimental 
knowledge. Today and tomorrow we shall be occupied with 
the application of the theory to radiant heat, and it will appear 
that we reach in this apparently quite isolated domain con- 
clusions which a thorough test shows are compatible with ex- 
perience. Naturally, we take as a basis the electro-magnetic 
theory of heat radiation, which regards the rays as electro- 
magnetic waves of the same kind as light rays. 

We shall utilize the time today in developing in bold outline 
the important consequences which follow from the electro- 
magnetic theory for the characteristic quantities of heat radiation, 
and tomorrow seek to answer, through the calculation of the 
entropy, the question concerning the dependence of these quan- 
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tities upon the temperature, as was done last week for ideal 
gases. Above all, we are concerned here with the determination 
of those quantities which at any place in a medium traversed 
by heat rays determine the state of the radiant heat. The state 
of radiation at a given place will not be represented by a vector 
which is determined by three components; for the energy flowing 
in a given direction is quite independent of that flowing in any 
other direction. In order to know the state of radiation, we 
must be able to specify, moreover, the energy which in the time 
dt flows through a surface element do for every direction in 
space. This will be proportional to the magnitude of do, to 
the time dt, and to the cosine of the angle & which the direction 
considered makes with the normal to dc. But the quantity to 
be multiplied by do - dé - cos 3 will not be a finite quantity; 
for since the radiation through any point of do passes in all direc- 
tions, therefore the quantity will also depend upon the magnitude 
of the solid angle dQ, which we shall assume as the same for all 
points of ds. In this manner we obtain for the energy which in 
the time dt flows through the surface element do in the direction 
of the elementary cone dQ, the expression: 


Kdcdt - cos 8 - dQ. (28) 


K is a positive function of place, of time and of direction, and is 
for unpolarized light of the following form: 


= 3 f Rav (29) 


where v denotes the frequency of a color of wave length and 
whose velocity of propagation is q: 


ess 
~? 


and §, denotes the corresponding intensity of spectral radiation 
of the plane polarized light. 
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From the value of K is to be found the space density of radiation 
e, i. e., the energy of radiation contained in unit volume. The 
point 0 in question forms the centre of 4 sphere whose radius r 
we take so small that in the distance r no appreciable absorption 
of radiation takes place. Then each element do of the surface 
of the sphere furnishes, by virtue of the radiation traversing the 
same, the following contribution to the radiation density at 0: 

do-dt-K-dQ_ dao-K 


PdQ - qdt Pq 


For the radiation cone of solid angle dQ proceeding from a point 
of do in the direction toward 0 has at the distance r from de the 
cross-section r°dQ and the energy passing in the time dt through 
this cross-section distributes itself along the distance qdt. By 
integration over all of the surface elements do we obtain the 
total space density of radiation at 0: 


wherein dQ denotes the solid angle of an elementary cone whose 
vertex is 0. For uniform radiation we obtain: 


‘ce ta Rd, (30) 

The production of radiant heat is a consequence of the act of 
emission, and its destruction is the result of absorption. Both 
processes, emission and absorption, have their origin only in 
material particles, atoms or electrons, not at the geometrical 
bounding surface; although one frequently says, for the sake of 
brevity, that a surface element emits or absorbs. In reality a 
surface element of a body is a place of entrance for the radia- 
tion falling upon the body from without and which is to be 
absorbed; or a place of exit for the radiation emitted from 
within the body and passing through the surface in the outward 
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direction. The capacity for emission and the capacity for 
absorption of an element of a body depend only upon its own 
condition and not upon that of the surrounding elements. If, 
therefore, as we shall assume in what follows, the state of the 
body varies only with the temperature, then the capacity for 
emission and the capacity for absorption of the body will also 
vary only with the temperature. The dependence upon the 
temperature can of course be different for each wave length. 
We shall now introduce that result following from the sec- 
ond law of thermodynamics which will serve us as a basis 
in all subsequent considerations: ‘‘a system of bodies at rest 
of arbitrary nature, form and position, which is surrounded by a 
fixed shell impervious to heat, passes in the course of time from 
an arbitrarily chosen initial state to a permanent state in which 
the temperature of all bodies of the system is the same.” 
This is the thermodynamic state of equilibrium in which the 
entropy of the system, among all those values which it may assume 
compatible with the total energy specified by the initial condi- 
tions, has a maximum value. Let us now apply this law to a 
single homogeneous isotropic medium which is of great extent 
in all directions of space and which, as in all cases subsequently 
considered, is surrounded by a fixed shell, perfectly reflecting as 
regards heat rays. The medium possesses for each frequency v 
of the heat rays a finite capacity for emission and a finite capacity 
for absorption. Let us consider, now, such regions of the medium 
as are very far removed from the surface. Here the influence 
of the surface will be in any case vanishingly small, because no 
rays from the surface reach these regions, and on account of the 
homogeneity and isotropy of the medium we must conclude that 
the heat radiation is in thermodynamic equilibrium everywhere 
and has the same properties in all directions, so that &,, the 
specific intensity of radiation of a plane polarized ray, is inde- 
pendent of the frequency », of the azimuth of polarization, of the 
direction of the ray, and of location. Thus, there will correspond 
to each diverging bundle of rays in an elementary cone dQ, 
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proceeding from a surface element do, an exactly equal bundle 
oppositely directed, within the same elemental cone converging 
toward the surface element. This law retains its validity, as a 
simple consideration shows, right up to the surface of the medium, 
For in thermodynamic equilibrium each ray must possess 
exactly the same intensity as that of the directly opposite ray, 
otherwise, more energy would flow in one direction than in 
the opposite direction. Let us fix our attention upon a ray 
proceeding inwards from the surface, this must have the 
same intensity as that of the directly opposite ray coming 
from within, and from this it follows immediately that the 
state of radiation of the medium at all points on the surface is 
the same as that within. The nature of the bounding surface 
and the spacial extent of the medium are immaterial, and in a 
stationary state of radiation &, is completely determined by the 
nature of the medium for each temperature. 

This law suffers a modification, however, in the special case 
that the medium is absolutely diathermanous for a definite 
frequency v. It is then clear that the capacity for absorption 
and also that for emission must be zero, because otherwise no 
stationary state of radiation could exist, i. e., a medium emits 
no color which it does not absorb. But equilibrium can then ob- 
viously exist for every intensity of radiation of the frequency con- 
sidered, i. e., &, is now undetermined and cannot be found with- 
out knowledge of the initial conditions. An important example of 
this is furnished by an absolute vacuum, which is diathermanous 
for all frequencies. In a complete vacuum thermodynamic 
equilibrium can therefore exist for each arbitrary intensity of 
radiation and for each frequency, 1. e., for each arbitrary dis- 
tribution of the spectral energy. From a general thermodynamic 
point of view this indeterminateness of the properties of thermo- 
dynamic states of equilibrium is explained through the presence 
of numerous different relative maxima of the entropy, as in the 
case of a vapor which is in a state of supersaturation. But 
among all the different maxima there is a special maximum, the 
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absolute, which indicates stable equilibrium. In fact, we shall 
see that in a diathermanous medium for each temperature there 
exists a quite definite intensity of radiation, which is desig- 
nated as the stable intensity of radiation of the frequency v con- 
sidered. But for the present we shall assume for all frequencies 
a finite capacity for absorption and for emission. 

We consider now two homogeneous isotropic media in thermo- 
dynamic equilibrium separated from each other by a plane 
surface. Since the equilibrium will not be disturbed if one 
imagines for the moment the surface of separation between the 
two substances to be replaced by a surface quite non-transparent 
to heat radiation, all of the foregoing laws hold for each of the 


FIRST MEDIUM 


aS 


BOUNDARY SURFACE 


GECOND| MEDIUM 
, 
Pr 


\ 


two substances individually. Let the specific intensity of radi- 
ation of frequency »v, polarized in any arbitrary plane within the 
first substance (the upper in Fig. 1)!, be &, and that within the 
second substance ,’ (we shall in general designate with a dash 


1 From my lectures upon the theory of heat radiation (Leipzig, J. A. Barth), 
wherein are to be found the details of the above somewhat abbreviated 
calculations, 


Fig. 1. 
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those quantities which refer to the second substance). Both 
quantities R, and §,’, besides depending upon the temperature 
and the frequency, depend only upon the nature of the two sub- 
stances, and, in fact, these values of the intensity of radiation 
hold quite up to the boundary surface between the substances, 
and are therefore independent of the properties of this surface. 

Each ray from the first medium is split into two rays at the 
boundary surface: the reflected and the transmitted. The direc- 
tions of these two rays vary according to the angle of inci- 
dence and the color of the incident ray, and, in addition, the 
intensity varies according to its polarization. If we denote 
by p (the reflection coefficient) the amount of the reflected 
energy of radiation and consequently by 1 — p the amount of 
transmitted energy with respect to the incident energy, then p 
depends upon the angle of incidence, upon the frequency and 
upon the polarization of the incident ray. Similar remarks hold 
for p’, the reflection coefficient for a ray from the second 
medium, upon meeting the boundary surface. 

Now the energy of a monochromatic plane polarized ray of 
frequency v proceeding from an element do of the boundary 
surface within the elementary cone dQ in a direction toward the 
first medium (see the feathered arrow at the left in Fig. 1) is 
for the time dé, in accordance with (28) and (29): 


dt-da-cos8-dQ- &,dy, (31) 
where 
dQ = sin ddddy. (32) 


This energy is furnished by the two rays which, approaching the 
surface from the first and the second medium respectively, are 
reflected and transmitted respectively at the surface element do 
in the same direction. (Seethe unfeathered arrows. The surface 
element do is indicated only by the point 0.) The first ray pro- 
ceeds in accordance with the law of reflection within the sym- 
metrically drawn elementary cone dQ: the second approaches 
the surface within the elementary cone 
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dY’ = sin 3'dd'dg’, (33) 
where, in accordance with the law of refraction, 
sind  q 


Me saa ‘ 
(zy) = (#2) and sin ®’ q’" (34) 
We now assume that the ray is either polarized in the plane of 
incidence or perpendicular to this plane, and likewise for the 
two radiations out of whose energies it is composed. The radia- 
tion coming from the first medium and reflected from do con- 
tributes the energy: 


p-dt-dacosd- dQ: R,dr, (35) 


and the radiation coming from the second medium and trans- 
mitted through do contributes the energy: 


(1 — p’) - dt - da cos 8 - dQ’ + &,'dv. (36) 


The quantities di, do, v, and dv are here written without the 
accent, since they have the same values in both media. 

Adding the expressions (85) and (36) and placing the sum 
equal to the expression (31), we obtain: 


pcos dO, + (1 — p’) cos 8dN’R,’ = cos 8dQOR,. 


Now, in accordance with (34): 


cos ddd ~— cos 8'dv’ 
q = qg ’ 


and further, taking note of (32) and (33): 


dQ’ cos 3’ = dQ cos 3 - 
and it follows that: 


q” 
¢’ 
2 


®t, + (— py as = 8, 


or: 


®, @_1-o' 
- q” fo 


cS) 
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In the last equation the quantity on the left is independent 
of the angle of incidence 2 and of the kind of polarization, con- 
sequently the quantity upon the right side must also be inde- 
pendent of these quantities. If one knows the value of these 
quantities for a single angle of incidence and for a given kind of 
polarization, then this value is valid for all angles of incidence 
and for all polarizations. Now, in the particular case that the 
rays are polarized at right angles to the plane of incidence and 
meet the bounding surface at the angle of polarization, 


p= 0 Pand p — 0: 


Then the expression on the right will be equal to 1, and there- 
fore it is in general equal to 1, and we have always: 


p=p', @R, = q’R,'. (37) 


The first of these two relations, which asserts that the coefficient 
of reflection is the same for both sides of the boundary surface, 
constitutes the special expression of a general reciprocal law, 
first announced by Helmholz, whereby the loss of intensity which 
a ray of given color and polarization suffers on its path through 
any medium in consequence of reflection, refraction, absorption, 
and dispersion is exactly equal to the loss of intensity which a ray 
of corresponding intensity, color and polarization suffers in 
passing over the directly opposite path. It follows immediately 
from this that the radiation meeting a boundary surface between 
two media is transmitted or reflected equally well from both 
sides, for every color, direction and polarization. 

The second relation, (37), brings into connection the radiation 
intensities originating in both substances. It asserts that in 
thermodynamic equilibrium the specific intensities of radiation 
of a definite frequency in both media vary inversely as the square 
of the velocities of propagation, or directly as the squares of the 
refractive indices. We may therefore write 


GR, a Fi, rT), 
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wherein F denotes a universal function depending only upon p 
and 7’, the discovery of which is one of the chief problems of the 
theory. 

Let us fix our attention again on the case of a diathermanous 
medium. We saw above that in a medium surrounded by a 
non-transparent shell which for a given color is diathermanous 
equilibrium can exist for any given intensity of radiation of this 
color. But it follows from the second law that, among all the 
intensities of radiation, a definite one, namely, that corresponding 
to the absolute maximum of the total entropy of the system, 
must exist, which characterizes the absolutely stable equilibrium 
of radiation. We now see that this indeterminateness is elimi- 
nated by the last equation, which asserts that in thermodynamic 
equilibrium the product q’&, is a universal function. For it 
results immediately therefrom that there is a definite value of 
, for every diathermanous medium which is thus differentiated 
from all other values. The physical meaning of this value is 
derived directly from a consideration of the way in which this 
equation was derived: it is that intensity of radiation which 
exists in the diathermanous medium when it is in thermodynamic 
equilibrium while in contact with a given absorbing and emitting 
medium. The volume and the form of the second medium is 
immaterial; in particular, the volume may be taken arbitrarily 
small. 

For a vacuum, the most diathermanous of all media, in which 
the velocity of propagation g = c is the same for all rays, we can 
therefore express the following law: The quantity 


&, = aF, T) (38) 


denotes that intensity of radiation which exists in any complete 
vacuum when it is in a stationary state as regards exchange of 
radiation with any absorbing and emitting substance, whose 
amount may be arbitrarily small. This quantity &, regarded 
as a function of v gives the so-called normal energy spectrum. 
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Let us consider, therefore, a vacuum surrounded by given 
emitting and absorbing bodies of uniform temperature. Then, 
in the course of time, there is established therein a normal energy 
radiation &, corresponding to this temperature. If now p, be 
the reflection coefficient of a wall for the frequency v, then of 
the radiation &, falling upon the wall, the part p,&, will be re- 
flected. On the other hand, if we designate by FE, the emission 
coefficient of the wall for the same frequency », the total radiation 
proceeding from the wall will be: 


pk, + E, = &,, 


since each bundle of rays possesses in a stationary state the in- 
tensity ®,. From this it follows that: 


~ 1p,’ 


R, (39) 
i. e., the ratio of the emission coefficient FE, to the capacity for 
absorption (1 — p,) of a given substance is the same for all 
substances and equal to the normal intensity of radiation for 
each frequency (Kirchoff). For the special case that p, is equal 
to 0, i. e., that the wall shall be perfectly black, we have: 


R, = E,, 


that is, the normal intensity of radiation is exactly equal to the 
emission coefficient of a black body. Therefore the normal 
radiation is also called “black radiation.” Again, for any given 
body, in accordance with (39), we have: 


E,< &, 


i. e., the emission coefficient of a body in general is smaller than 
that of a black body. Black radiation, thanks to W. Wien and 
O. Lummer, has been made possible of measurement, through 
a small hole bored in the wall bounding the space considered. 

We proceed now to the treatment of the problem of deter- 
mining the specific intensity &, of black radiation in a vacuum, 
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as regards its dependence upon the frequency v and the temper- 
ature T. In the treatment of this problem it will be necessary 
to go further than we have previously done into those processes 
which condition the production and destruction of heat rays; 
that is, into the question regarding the act of emission and that 
of absorption. On account of the complicated nature of these 
processes and the difficulty of bringing some of the details into 
connection with experience, it is certainly quite out of the ques- 
tion to obtain in this manner any reliable results if the following 
law cannot be utilized as a dependable guide in this domain: a 
vacuum surrounded by reflecting walls in which arbitrary 
emitting and absorbing bodies are distributed in any given 
arrangement assumes in the course of time the stationary state 
of black radiation, which is completely determined by a single 
parameter, the temperature, and which, in particular, does not 
depend upon the number, the properties and the arrangement of 
the bodies. In the investigation of the properties of the state 
of black radiation the nature of the bodies which are supposed 
to be in the vacuum is therefore quite immaterial, and it is cer- 
tainly immaterial whether such bodies actually exist anywhere 
in nature, so long as their existence and their properties are 
compatible throughout with the laws of electrodynamics and of 
thermodynamics. As soon as it is possible to associate with 
any given special kind and arrangement of emitting and absorbing 
bodies a state of radiation in the surrounding vacuum which 
is characterized by absolute stability, then this state can be no 
other than that of black radiation. Making use of the freedom 
furnished by this law, we choose among all the emitting and 
absorbing systems conceivable, the most simple, namely, a single 
oscillator at rest, consisting of two poles charged with equal 
quantities of electricity of opposite sign which are movable 
relative to each other in a fixed straight line, the axis of the 
oscillator. The state of the oscillator is completely determined 
by its moment f(#); 1. e., by the product of the electric charge of 
the pole on the positive side of the axis into the distance between 
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the poles, and by its differential quotient with regard to the time: 


df); 
“ae Te: 


The energy of the oscillator is of the following simple form: 
U = 4Kf?+ i1f%, (40) 


wherein K and L denote positive constants which depend upon 
the nature of the oscillator in some manner into which we need 
not go further at this time. 

If, in the vibrations of the oscillator, the energy U remain ab- 
solutely constant, we should have: dU = 0 or: 


Kf(t) + Lf® = 0, 


and from this there results, as a general solution of the differential 
equation, a pure periodic vibration: 


f = C cos (2rvot — 9), 

wherein C and #@ denote the integration constants and vo the 
number of vibrations per unit of time: 

Vo = x .. (41) 
Such an oscillator vibrating periodically with constant energy 
would neither be influenced by the electromagnetic field sur- 
rounding it, nor would it exert any external actions due to radi- 
ation. It could therefore have no sort of influence on the heat 
radiation in the surrounding vacuum. 

In accordance with the theory of Maxwell, the energy of 
vibration U of the oscillator by no means remains constant in 
general, but an oscillator by virtue of its vibrations sends out 
spherical waves in all directions into the surrounding field and, 
in accordance with the principle of conservation of energy, if no 


actions from without are exerted upon the oscillator, there must 
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necessarily be a loss in the energy of vibration and, therefore, a 
damping of the amplitude of vibration is involved. In order to 
find the amount of this damping we calculate the quantity of 
energy which flows out through a spherical surface with the 
oscillator at the center, in accordance with the law of Poynting. 
However, we may not place the energy flowing outwards in 
accordance with this law through the spherical surface in an 
infinitely small interval of time dé equal to the energy radiated 
in the same time interval from the oscillator. For, in general, 
the electromagnetic energy does not always flow in the out- 
ward direction, but flows alternately outwards and inwards, and 
we should obtain in this manner for the quantity of the radia- 
tion outwards, values which are alternately positive and nega- 
tive, and which also depend essentially upon the radius of the 
supposed sphere in such manner that they increase toward 
infinity with decreasing radius—which is opposed to the funda- 
mental conception of radiated energy. This energy will, more- 
over, be only found independent of the radius of the sphere 
when we calculate the total amount of energy flowing outwards 
through the surface of the sphere, not for the time element 
dt, but for a sufficiently large time. If the vibrations are purely 
periodic, we may choose for the time a period; if this is not 
the case, which for the sake of generality we must here assume, 
it is not possible to specify a priori any more general criterion 
for the least possible necessary magnitude of the time than that 
which makes the energy radiated essentially independent of the 
radius of the supposed sphere. 

In this way we succeed in finding for the energy emitted from 
the oscillator in the time from ¢ to t + & the following expression: 


hae 
a ii f (dt. 


If now, the oscillator be in an electromagnetic field which has the 
electric component &, at the oscillator in the direction of its axis, 
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NX 


then the energy absorbed by the oscillator in the same time is: 


t+F : 
f G.f = dt. 


Hence, the principle of conservation of energy is expressed in 
the following form: 


+m GUT ~ 2a sere 
["(G+dh-Gf)a=o. 


This equation, together with the assumption that the constant 


Any, _ 
3eL |” 


is a small number, leads to the following linear differential equa- 
tion for the vibrations of the oscillator: 


(42) 


Kf + If —af-& (43) 


In accordance with what precedes, in so far as the oscillator is 
excited into vibrations by an external field €,, one may designate 
it as a resonator which possesses the natural period v9 and the 
small logarithmic decrement o. The same equation may be 
obtained from the electron theory, but I have considered it an 
advantage to derive it in a manner independent of any hypothesis 
concerning the nature of the resonator. 

Now, let the resonator be in a vacuum filled with stationary 
black radiation of specific intensity &,. How, then, does the 
mean energy U of the resonator in a state of stationary vibration 
depend upon the specific intensity of radiation &,, with the natural 
period v9 of the corresponding color? It is this question which 
we have still to consider today. Its answer will be found by ex- 
pressing on the one hand the energy of the resonator U and on 
the other hand the intensity of radiation &,, by means of the 
component ©, of the electric field exciting the resonator. Now 
however complicated this quantity may be, it is capable of 
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development in any case for a very large time interval, from 
t = 0 tot = I, in the Fourier’s series: 


€,= % Cy cos( = — on), (44) 


and for this same time interval T the moment of the resonator 
in the form of a Fourier’s series may be calculated as a function 
of ¢ from the linear differential equation (43). The initial 
condition of the resonator may be neglected if we only consider 
such times ¢ as are sufficiently far removed from the origin of 
time ¢ = 0. 

If it be now recalled that in a stationary state of vibration 
the mean energy U of the resonator is given, in accordance with 
(40), (41) and (42), by: 

1627*v,8 


U= Kf? = aca f 


it appears atter substitution of the value of f obtained from the 
differential equation (43) that: 


3¢8 


Ulam 641r2y¢? 


ae, (45) 
wherein Cn? denotes the mean value of C, for all the series of 
numbers 7 which lie in the neighborhood of the value J, i. e., 
for which »pS is approximately = 1. 

Now let us consider on the other hand the intensity of black 
radiation, and for this purpose proceed from the space density 
of the total radiation. In accordance with (30), this is: 


e=tf- 8d = + G24 §24+ S24 824 8d, (46) 


and therefore, since the radiation is isotropic, in accordance with 


(44): 
8r [* 3g 
ot K,dy = 4, © 


gle 


= iy Oo 
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If we write An/T on the left instead of dy, where An is a large 


number, we get: 
Sr" An 38 ,, 
oy, RK, oo ae Sar oy Cc. ’ 


C n= n=1 
and obtain then by “ spectral” division of this equation: 


8 A Q nrot(Ani2) 
TT R n 


Se a i 
cE Btn an 
and, if we introduce again the mean value 


1 No+(An/2) 


a C= Co 2 
AN no—Gnp2) . 
we then get: 
i 
Ryo = 64q2 | Cn" 


By comparison with (45) the relation sought is now found: 


2 
8, me (47) 
which is striking on account of its simplicity and, in particular, 
because it is quite independent of the damping constant o of the 
resonator. 

This relation, found in a purely electrodynamic manner, 
between the spectral intensity of black radiation and the energy 
of a vibrating resonator will furnish us in the next lecture, with 
the aid of thermodynamic considerations, the necessary means of 
attack in deriving the temperature of black radiation together 


with the distribution of energy in the normal spectrum. 
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Heat RapiaTIon. STATISTICAL THEORY. 


Following the preparatory considerations of the last lecture 
we shall treat today the problem which we have come to recognize 
as one of the most important in the theory of heat radiation: 
the establishment of that universal function which governs the 
energy distribution in the normal spectrum. The means for the 
solution of this problem will be furnished us through the calcu- 
lation of the entropy S of a resonator placed in a vacuum filled 
with black radiation and thereby excited into stationary vibra- 
tions. Its energy U is then connected with the corresponding 
specific intensity ®, and its natural frequency v in the radiation 
of the surrounding field through equation (47): 


y2 
&, = 2 U; (48) 


When S is found as a function of U, the temperature 7 of the 
resonator and that of the surrounding radiation will be given by: 


dS 1 
qu 7 (49) 


and by elimination of U from the last two equations, we then 
find the relationship among &,, 7 and ». 

In order to find the entropy S of the resonator we will utilize 
the general connection between entropy and probability, which 
we have extensively discussed in the previous lectures, and inquire 
then as to the existing probability that the vibrating resonator 
possesses the energy U. In accordance with what we have seen 
in connection with the elucidation of the second law through 

87 
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atomistic ideas, the second law is only applicable to a physical 
system when we consider the quantities which determine the 
state of the system as mean values of numerous disordered 
individual values, and the probability of a state is then equal 
to the number of the numerous, a priori equally probable, com- 
plexions which make possible the realization of the state. Ac- 
cordingly, we have to consider the energy U of a resonator 
placed in a stationary field of black radiation as a constant mean 
value of many disordered independent individual values, and 
this procedure agrees with the fact that every measurement of 
the intensity of heat radiation is extended over an enormous 
number of vibration periods. The entropy of a resonator is 
then to be calculated from the existing probability that the energy 
of the radiator possesses a definite mean value U within a certain 
time interval. 

In order to find this probability, we inquire next as to the 
existing probability that the resonator at any fixed time pos- 
sesses a given energy, or in other words, that that point (the 
state point) which through its coordinates indicates the state of 
the resonator falls in a given “‘state domain.”” At the conclusion 
of the third lecture (p. 57) we saw in general that this proba- 
bility is simply measured through the magnitude of the cor- 
responding state domain: 


Jdo- dy, 


in case one employs as coordinates of state the general coordinate 
¢g and the corresponding momentum y. Now in general, the 
energy of the resonator, in accordance with (40), is: 


U = $Kf? + $1f?. 


If we choose f as the general coordinate g and put, therefore, 
gy = f, then the corresponding impulse y is equal 
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and the energy U expressed as a function of g and y is: 


iy 


U=}Ke+5 5. 


If now we desire to find the existing probability that the energy 
of a resonator shall lie between U and U+ AU, we have to 
calculate the magnitude of that state domain in the (9, y)-plane 
which is bounded by the curves U = const. and U+-AU=const. 
These two curves are similar and similarly placed ellipses and 
the portion of surface bounded by them is equal to the difference 
of the areas of the two ellipses. The areas are respectively U/v 
and (U + AU)/»; consequently, the magnitude sought for the 
state domain is: AU/». Let us now consider the whole state 
plane so divided into elementary portions by a large number of 
ellipses, such that the annular areas between consecutive ellipses 
are equal to each other; i. e., so that: 


U 
= = eonst — 1. 
v 


We thus obtain those portions AU of the energy which correspond 
to equal probabilities and which are therefore to be designated 
as the energy elements: 


e= AU = by. (50) 


If the determination of the elementary domains is effected in 
a manner quite similar to that employed in the kinetic gas theory, 
there exist, with respect to the relationships there found, very 
notable differences. In the first place, the state of the physical 
system considered here, the resonator, does not depend as there 
upon the coordinates and the velocities, but upon the energy 
only, and this circumstance necessitates that the entropy of a 
state depend, not upon the distribution of the state quantities 
gy and y, but only upon the energy U. A further difference 
consists in this, that we have to do in the case of molecules with 
spacial mean values, but in the case of radiation with mean values 
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as regards time. But this distinction may be disregarded when 
we reflect that the mean time value of the energy U of a given 
resonator is obviously identical with the mean space value at a 
given instant of time of a great number WN of similar resonators 
distributed in the same stationary field of radiation. Of course 
these resonators must be placed sufficiently far apart in order 
not directly to influence one another. Then the total energy of 
all the resonators: 


Uy= NU (51) 


is quite irregularly distributed among all the individual resonators, 
and we have referred back the disorder as regards time to a 
disorder as regards space. 

We are now concerned with the probability IV of the state 
determined by the energy Uy of the N resonators placed in the 
same stationary field of radiation; i. e., with the number of 
individual arrangements or complexions which correspond to the 
distribution of energy Uy among the N resonators. With this 
in view, we subdivide the given total energy Uy into its elements 
€ so that: 

Uy = Pe. (52) 


These P energy elements are to be distributed in every possible 
manner among the WN resonators. Let us consider, then, the 
N resonators to be numbered and the figures written beside 
one another in a series, and in such manner that the number 
of times each figure appears is equal to the number of energy 
elements which fall upon the corresponding resonator. Then 
we obtain through such a number series a representation of a 
fixed complexion, in which with each individual resonator there 
is associated a definite energy. For example, if there are N 
= 4 resonators and P = 6 energy elements present, then one of 
the possible complexions is represented by the number series 


Lig3d34 


which asserts that the first resonator contains two, the second 0, 
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the third 3, and the fourth 1 energy element. The totality of 
numbers in the series is 6, equal to the number of the energy 
elements present. The arrangement of figures in the series is 
immaterial for any complexion, since the mere interchange of 
figures does not change the energy of a given resonator. The 
number of all the possible different complexions is therefore 
equal to the number of possible “ combinations with repetition ” 
of 4 elements with 6 classes: 


(4+6—-1)!_ 9! 


Las Ceo 


84, 


or, in our general case the probability sought is: 


(N+ P—1)! 


ioe (N—1)IPI ° 


We obtain, therefore, for the entropy Sy of the resonator system, 
in accordance with equation (12), since N and P are large 
numbers, 


OMSe IO 
A 


and with the aid of Sterling’s formula (16): 
Sy= k{(N + P) log (V+ P) — N log N — P log P}. 


If, in accordance with (52), we now write Uy/efor P, NU for Uy 
in accordance with (51), and hy for e, in accordance with (50), 
we obtain, after an easy transformation, for the mean entropy 
of a single resonator: 


Sw _ og _ L =)-% =| 
on a { (1+ 5 )tow (1+ 7 ea, 


as the solution of the problem in hand. 

We will now introduce the temperature 7 of the resonator, 
and will express through 7 the energy U of the resonator and 
also the intensity &, of the heat radiation related to it through a 
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stationary state of energy exchange. For this purpose we utilize 
equation (49) and obtain then for the energy of the resonator: 


hy 
OS ea 


It is to be observed that we have not here to do with a uniform 
distribution of energy (cf. p. 68) among the various resonators. 

For the specific intensity of the monochromatic plane polarized 
ray of frequency v, we have, in accordance with (48): 


hv8 1 
oe eee (53) 


ee 
This expression furnishes for each temperature 7 the energy 
distribution in the normal spectrum of a black body. A com- 
parison with equation (38) of the last lecture furnishes us then 
with the universal function: 
hv® 
FY, T) = aopr 7: 

If we refer the specific intensity of a monochromatic ray, not to 
the frequency v, but, asiscommonly done in experimental physics, 
to the wave length X, then, since between the absolute values of 
dy and da the relation exists: 

c - |dh| 


[dv] = — ’ 


we obtain from 
E,| dv| = &,| dr], 
the relation: 
ch 1 
EL. = 5° mero] (54) 
as the intensity of a monochromatic plane polarized ray of wave 
length \ which is emitted normally to the surface of a black 
body in a vacuum at temperature 7. For small values of AT 
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(54) reduces to: 


E, = = ey (55) 


which expresses Wien’s Displacement Law. For large values of 
AT on the other hand, there results from (54): 


ckT 


\ = \V > (56) 


a relation first established by Lord Rayleigh and which we may 
here designate as the Rayleigh Law of Radiation. 

From equation (30), taking account of (53), we obtain for the 
space density of black radiation in a vaccuum: 


4 
€ - =F (5) ae = ale 


wherein 


i liga EA 
a= l+atgtgat -+- = 1.0823. 


The Stefan-Boltzmann law is hereby expressed. In accordance 
with the measurements of Kurlbaum, we have the constant 
48ak* erg 
=— a ry —15 Se ee 
a= — a 7.061 - 10 enuideg® 
For that wave length \,, which corresponds in the spectrum 
of black radiation to the maximum intensity of radiation F, 
we have from equation (54): 


=) 
ores = 0. 
(%)... 
Carrying out the differentiation, we get, after putting for brevity: 
ch B 
2 J 
A,.T B, ef + 5 1=0. 


The root of this transcendental equation is: 


B = 4.9651; 
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and A, 7' = ch/kB = b is a constant (Wien’s Displacement Law). 
In accordance with the measurements of O. Lummer and E. 
Pringsheim, 

b = 0.294 cm - deg. 


From this there follow the numerical values 


ke = 1.346 - 10-18 deg’ and h = 6.548 - 10-” erg - sec. 


The value found for k& easily permits of the specification numeric- 
ally, in the C.G.S. system, of the general connection between 
entropy and probability, as expressed through the universal 
equation (12). Thus, quite in general, the entropy of a physical 
system is: 
e 
S = 1.346 - 10-* log W. 


In the application to the kinetic gas theory we obtain from 
equation (24) for the ratio of the molecular mass to the mol mass: 


© =i- 1.62 - 10-%, 


i. e., to one mol there corresponds 1/0 = 6.175 - 10% molecules, 
where it is supposed that the mol of oxygen 


Accordingly, the number of molecules contained in 1 cu. em. of 
an ideal gas at 0° Cels. and at atmospheric pressure is: 


N = 2.76 - 10". 


The mean kinetic energy of the progressive motion of a molecule 
at the absolute temperature T = 1 in the absolute C.G.S. system, 
in accordance with (27), is: 


L = 8k = 2.02 - 107, 


In general, the mean kinetic energy of progressive motion of a 
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molecule is expressed by the product of this number and the 
absolute temperature 7. 

The elementary quantum of electricity, or the free electric 
charge of a monovalent ion or electron, in electrostatic measure is: 


e= © - 9658-3. 10 = 4.69 - 10-™. 


This result stands in noteworthy agreement with the results of 
the latest direct measurements of the electric elementary quantum 
made by E. Rutherford and H. Geiger, and E. Regener.— 
Even if the radiation formula (54) here derived had shown itself 
as valid with respect to all previous tests, the theory would still 
require an extension as regards a certain point; for in it the 
physical meaning of the universal constant h remains quite 
unexplained. All previous attempts to derive a radiation formula 
upon the basis of the known laws of electron theory, among which 
the theory of J. H. Jeans is to be considered as the most general 
and exact, have led to the conclusion that h is infinitely small, 
so that, therefore, the radiation formula of Rayleigh possesses 
general validity, but, in my opinion, there can be no doubt that 
this formula loses its validity for short waves, and that the pains 
which Jeans has taken to place! the blame for the contradiction 
between theory and experiment upon the latter are unwarranted. 
Consequently, there remains only the one conclusion, that 
previous electron theories suffer from an essential incompleteness 
which demands a modification, but how deeply this modification 
should go into the structure of the theory is a question upon 
which views are still widely divergent. J. J. Thompson inclines 
to the most radical view, as do J. Larmor, A. Einstein, and 
with him I. Stark, who even believe that the propagation of 
electromagnetic waves in a pure vacuum does not occur precisely 
in accordance with the Maxwellian field equations, but in 
definite energy quanta hy. I am of the opinion, on the other 
hand, that at present it is not necessary to proceed in so revolu- 


1TIn that the walls used in the measurements of hollow space radiations 
must be diathermanous for the shortest waves. 
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tionary a manner, and that one may come successfully through by 
seeking the significance of the energy quantum hy solely in 
the mutual actions with which the resonators influence one 
another.! A definite decision with regard to these important 
questions can only be brought about as a result of further 
experience. 


1Jt is my intention to give a complete presentation of these relations in 
Volume 31 of the Annalen der Physik. 


SEVENTH LECTURE. 


GENERAL Dynamics. PrINcIPLE oF Least ACTION. 


Since I began three weeks ago today to depict for you the 
present status of the system of theoretical physics and its 
probable future development, I have continually sought to 
bring out that in the theoretical physics of the future the most 
important and the final division of all physical processes would 
likely be into reversible and irreversible processes. In succeeding 
lectures, with the aid of the calculus of probability and with the 
introduction of the hypothesis of elementary disorder, we have 
seen that all irreversible processes may be considered as reversible 
elementary processes: in other words, that irreversibility does 
not depend upon an elementary property of a physical process, 
but rather depends upon the ensemble of numerous disordered 
elementary processes of the same kind, each one of which in- 
dividually is completely reversible, and upon the introduction 
of the macroscopic method of treatment. From this standpoint 
one can say quite correctly that in the final analysis all processes 
in nature are reversible. That there is herein contained no con- 
tradiction to the principle regarding the irreversibility of processes 
expressed in terms of the mean values of elementary processes 
of macroscopic changes of state, I have demonstrated fully in 
the third lecture. Perhaps it will be appropriate at this place 
to interject a more general statement. We are accustomed in 
physics to seek the explanation of a natural process by the method 
of division of the process into elements. We regard each com- 
plicated process as composed of simple elementary processes, 
and seek to analyse it through thinking of the whole as the sum 
of the parts. This method, however, presupposes that through 
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this division the character of the whole is not changed; in some- 
what similar manner each measurement of a physical process 
presupposes that the progress of the phenomena is not influenced 
by the introduction of the measuring instrument. We have 
here a case in which that supposition is not warranted, and where 
a direct conclusion with regard to the parts applied to the whole 
leads to quite false results. If we divide an irreversible process 
into its elementary constituents, the disorder and along with it 
the irreversibility vanishes; an irreversible process must remain 
beyond the understanding of anyone who relies upon the funda- 
mental law: that all properties of the whole must also be recog- 
nizable in the parts. It appears to me as though a similar dif- 
ficulty presents itself in most of the problems of intellectual life. 

Now after all the irreversibility in nature thus appears in a 
certain sense eliminated, it is an illuminating fact that general 
elementary dynamics has only to do with reversible processes. 
Therefore we shall occupy ourselves in what follows with re- 
versible processes exclusively. That which makes this procedure 
so valuable for the theory is the circumstance that all known 
reversible processes, be they mechanical, electrodynamical or 
thermal, may be brought together under a single principle which 
answers unambiguously all questions regarding their behavior. 
This principle is not that of conservation of energy; this holds, it 
is true, for all these processes, but does not determine unam- 
biguously their behavior; it is the more comprehensive principle 
of least action. 

The principle of least action has grown upon the ground of 
mechanics where it enjoys equal rank and regard with numerous 
other principles; the principle of d'Alembert, the principle of 
virtual displacement, Gauss’s principle of least constraint, the 
Lagrangian Equations of the first and second kind. All these 
principles are equivalent to one another and therefore at bottom 
are only different formularizations of the same laws; sometimes 
one and sometimes another is the most convenient to use. But 
the principle of least action has the decided advantage over all 
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the other principles mentioned in that it connects together in a 
single equation the relations between quantities which possess, 
not only for mechanics, but also for electrodynamics and for 
thermodynamics, direct significance, namely, the quantities: 
space, time and potential. This is the reason why one may 
directly apply the principle of least action to processes other 
than mechanical, and the result has shown that such applica- 
tions, as well in electrodynamics as in thermodynamics, lead to 
the appropriate laws holding in these subjects. Since a repre- 
sentation of a unified system of theoretical physics such as we 
have here in mind must lay the chief emphasis upon as general 
an interpretation as possible of physical laws, it is self evident 
that in our treatment the principle of least action will be called 
upon to play the principal réle. I desire now to show how it is 
applied in simple individual cases. 

The general formularization of the principle of least action in 
the interpretation given to it by Helmholz is as follows: among 
all processes which may carry a certain arbitrarily given physical 
system subject to given external actions from a given initial 
position into a given final position in a given time, the process 
which actually takes place in nature is that which is distinguished 
by the condition that the integral 


f " (6H + A)dt = 0, (57) 


wherein an arbitrary displacement of the independent coordinates 
(and velocities) is denoted by the sign 6, and A denotes the 
infinitely small increase in energy (external work) which the 
system experiences in the displacement 6. The function H 
is the kinetic potential. When we speak here of the positions, 
the coordinates, and the velocities of the configuration, we under- 
stand thereby, not only those special ones corresponding to me- 
chanical ideas, but also all the so-called generalized coordinates 
with the quantities derived therefrom; and these may represent 
equally well quantities of electricity, volumes, and the like. 
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In the applications which we shall now make of the principle 
of least action, we must first decide as to whether the gener- 
alized coordinates which determine the state of the system con- 
sidered are present in finite number or form a continuous infinite 
manifold. We shall distinguish the examples here considered 
in accordance with this viewpoint. 


1. The Position (Configuration) is Determined by a Finite Number 
of Coordinates. 


In ordinary mechanics this is actually the case in every system 
of a finite number of material points or rigid bodies among whose 
coordinates there exist arbitrary fixed equations of condition. 
If we call the independent coordinates ¢1, go, ---, then the 
external work is: 


A — P1591 + P50 + OO cS bE, (58) 


wherein ®,, ®), --- are the ‘‘ external force components ” which 
correspond to the individual coordinates, and EF denotes the 
energy of the system. Then the principle of least action is 
expressed by: 


iP dt - D2 Ga — 891 +5 8g oe ber ) = 0. 


From this follow the equations of motion: 


d (oH oH 
ene == a rt 
%- 5 (52 )+52=0, (59) 
and so on for all the indices, 1, 2, ---.. Through multiplication 
of the individual equations by ¢1, ¢2, --- addition and integra- 


tion with respect to time, there results the equation of conserva- 
tion of energy, whereby the energy EF is given by the expression: 


E= b) an — A. (60) 
Pe 1 


In ordinary mechanics JT = L — U, if L denote the kinetic and 
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U the potential energy. Since Z is a homogeneous function of 
the second degree with respect to the ¢’s, it follows from (60) 
that: 

E=2L-—-H=L+4+U0. 


But this expression holds by no means in general. 

We pass now to the consideration of the quasi-stationary 
motion of a system of linear conductors carrying simple closed 
galvanic currents. The state of the system is given by the 
position and the velocities of the conductors and by the cur- 
rent densities in each of the same. The coordinates referring 
to the position of the first conductor may be represented by 
v1, ¢1', 1’, +++, corresponding designations holding for the 
remaining conductors. We inquire now as to the increase of 
energy or the external work, A, which corresponds to a virtual 
displacement of all coordinates. Energy may be conveyed to 
the system through mechanical actions and through electro- 
magnetic induction as well. The former corresponds to mechan- 
ical work, the latter to electromotive work. The former will 
be of the familiar form: 


Di5g1 + By'5y1 + +++ + Dodge + -°-. 


If we denote by Ey, Ey, --- the electromotive forces which 
are induced in the individual conductors through external 
agencies (e. g., moving magnets which do not belong to the 
system), then the electromotive work done from outside upon 
the currents in the conductors of the system is: 


Eb, ‘i E.be: °° *y 


if 5€;, 5€2, «++ denote the quantities of electricity which pass 
through cross sections of the conductors due to infinitely small 
virtual currents. The finite current densities will then be denoted 
by é1, €, -++. The electrical state of the first conductor is 
thus determined in general by the current density €,, the 
mechanical state (position and velocity) by the coordinates 
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$1, $1, v1”, «++ and the corresponding velocities $1, ¢1', ¢1'’, «+ -- 
The coordinates «1, €2, --- are so-called “ cyclical ’’ coordinates, 
since the state does not depend upon their momentary values, 
but only upon their differential quotients with respect to time, 
just as, for example, the state of a body rotatable about an axis 
of symmetry depends only upon the angular velocity, and not 
upon the angle of rotation. The scheme of notation adopted 
permits of the direct application of the above formularization 
of the principle of least action to the case here considered. 
Thus H = H,+ H., where H,, the mechanical potential, depends 
only upon the ¢’s and ¢’s, while the electrokinetic potential H, 
takes the following form: 


H, = $16.2 + Lrvérée + Liséiés + +++ + $Le2e? + +> 
The quantities Zi, Ly, Di3 +--+ Ln, +--+ the coefficients of self 
induction and mutual induction depend, however, in a definite 
manner upon the coordinates of position ¢1, ¢1', 91", «++, ¢2; 
2’, yo", eee, 

In accordance with (59), we have for the motion of the first 


conductor: 
d (dH OH 
a aut) + x) a Cee 
1 dt ( 0¢1 O¢1 a . 


with corresponding equations for ¢’, ¢;’’, ---, and for the electric 
current in it: 
d (oH, 
Bos aA de ) 2s 


The laws for the mechanical (ponderomotive) actions may be 
condensed into the statement that, in addition to the ordinary 
force upon the first conductor expressed by 4%, there is a me- 
chanical force 


On, LoL OL OL 
d01 mS awe 1 Pied = | ftee Lorwe a oe Soe 


which is composed of an action or the current upon itself (first 
term) and of the actions of the remaining currents upon it 
(following terms). 
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The laws of electrical action, on the other hand, are expressed 
by the statement, that to the external electromotive force E, 
in the first conductor there is added the electromotive force 


d ($= 


~ dt ae ) igs & (Ins + Lyxé2 + Ly3@3 + +--+) 

which likewise is composed of an action of the current upon itself 
(self induction) and of the inducing actions of the remaining 
currents, and that these two forces compensate each other. 

The galvanic conductance or the galvanic resistance is not 
contained in these equations because the corresponding energy, 
Joule heat, is produced in an irreversible manner, and irreversible 
processes are not represented by the principle of least action. 
One can formally include this action, likewise any other irre- 
versible action, in accordance with the procedure of Helmholz, 
by introducing it as an external force, in the present case as 
the electromotive force due to the resistance w, which operates 
to cause a diminution in the energy of the system. For an 
infinitely small element of time, the amount of this energy change 
is: 

— (wer? + wees? + wees? + +--+) + dé 
= — (wiéide; + weeede, + +++). 


Consequently, since the external work E,de; + E,de, + +--+ now 
includes the Joule heat, the external force components £, Ep, --- 
in the electromotive equations must be increased by the addi- 
tional terms — w1é1, — wWaé2, ++ -.— 

The application of the principle of least action to thermo- 
dynamic processes is of special interest, because the importance 
of the question relating to the fixing of the generalized coor- 
dinates, which determine the state of the system, here becomes 
prominent. From the standpoint of pure thermodynamics, 
the variables which determine the state of a body can certainly 
be quite arbitrarily chosen, e. g., in the case of a gas of invariable 
constitution any two of the following quantities may be chosen 
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as independent variables and all others expressed through them: 
volume V, temperature 7, pressure P, energy 7, entropy S. In 
the present case, the matter is quite different. If we inquire, in 
order to apply the principle of least action, with regard to the 
energy change or the total work A which will be done upon the 
gas from without in an infinitely small virtual displacement, it 
may be written in the form: 


A=—p-V+T-38S. 


TéS is the heat added from without, — péV the mechanical work 
furnished from without. In order to bring this into agreement 
with the general formula for external work (58): 


A= $159 + Pd G2 


it becomes necessary now to choose V and S as the generalized 
coordinates of state and, therefore, to identify with them the 
previously employed quantities ¢; and g:. Then — p and T 
are the generalized force components ®, and #,._ Now, since in 
thermodynamics every reversible change of state proceeds with 
infinite slowness, the velocity components V and S, and in general 
all differential coefficients with respect to time, are to be placed 
equal to zero, and the principle of least action (59) reduces to: 


aoe 0, 
dg 


and, therefore, in our case: 


oH oH 
~p+(5;),=0 and r+(55),=0 


Further, in accordance with (60): 
f= — 7, 


Now these equations are actually valid, since they only present 
other forms of the relation 
dE + pdV 


dS = T 
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The view here presented is fundamentally that which is given 
in the energetics of Mach, Ostwald, Helm, and Wiedeburg. The 
generalized coordinates V and S are in this theory the “ capac- 
ity factors,’ — p and T the “intensity factors.”! So long as 
one limits himself to an irreversible process, nothing stands in 
the way of carrying out this method completely, nor of a gener- 
alization to include chemical processes. 

In opposition to it there is an essentially different method of re- 
garding thermodynamic processes, which in its complete general- 
ity was first introduced into physics by Helmholtz. Inaccordance 
with this method, one generalized coordinate is V, and the other 
is not S, but a certain cyclical coordinate—we shall denote it, 
as in the previous example, by e—which does not appear itself 
in the expression for the kinetic potential H and only appears 
through its differential coefficient, €; and this differential coef- 
ficient is the temperature JT. Accordingly, H is dependent only 
upon V and 7. The equation for the total external work, in 
accordance with (58), is: 


A= — poV + Eébe, 
and agreement with thermodynamics is obviously found if we 


set: 
Eée = T5S, andalso: Ede = TdS, Edt = dS. 


The equations (59) for the principle of least action become: 


oH d (0H 
-p+ (3) =0 and E-5(37),= 0, 


a(Sr) = Edt = dS, 
v 


1The breaking up of the energy differentials into two factors by the ex- 
ponents of energetics is by no means associated with a special property of 
energy, but is simply an expression for the elementary law that the differential 
of a function F(x) is equal to the product of the differential dr by the deriva- 
tive F(z). 


or 
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oH 
($7 ),= 8, 


to an additive constant, which we may set equal to 0. For the 
energy there results, in accordance with (60): 


_OH OH 
ia gg (Sr ),—# 


or by integration: 


and consequently: 
H = — (E— TS). 


H is therefore equal to the negative of the function which 
Helmholz has called the “ free energy ”’ of the system, and the 
above equations are known from thermodynamics. 

Furthermore, the method of Helmholz permits of being carried 
through consistently, and so long as one limits himself to the 
consideration of reversible processes, it is in general quite im- 
possible to decide in favor of the one method or the other. How- 
ever, the method of Helmholz possesses a distinct advantage 
over the other which I desire to emphasize here. It lends itself 
better to the furtherance of our endeavor toward the unification 
of the system of physics. In accordance with the purely energetic 
method, the independent variables V and S have absolutely 
nothing to do with each other; heat is a form of energy which is 
distinguished in nature from mechanical energy and which in 
no way can be referred back to it. In accordance with Helmholz, 
heat energy is reduced to motion, and this certainly indicates an 
advance which is to be placed, perhaps, upon exactly the same 
footing as the advance which is involved in the consideration of 
light waves as electromagnetic waves. 

To be sure, the view of Helmholz is not broad enough to include 
irreversible processes; with regard to this, as we have earlier 
stated in detail, the introduction of the calculus of probability 
is necessary 1n order to throw light on the question. At the 
same time, this is also the real reason that the exponents of 
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energetics will have nothing to do with the strict observance 
of irreversible processes, and they either declare them as doubtful 
or ignore them completely. In reality, the facts of the case are 
quite the reverse; irreversible processes are the only processes 
occurring in nature. Reversible processes form only an ideal 
abstraction, which is very valuable for the theory, but which is 
never completely realized in nature. 


II. The Generalized Coordinates of State Form a Continuous 
Manifold. 


The laws of infinitely small motions of perfectly elastic bodies 
furnish us with the simplest example. The coordinates of state 
are then the displacement components, ¥,, Dy, 02, of a material 
point from its position of equilibrium (2, y, 2), considered as a 
function of the coordinates 2, y, 2. The external work is given 
by a surface integral: 


A = f do(X,802 +. ¥,dvy + Z,602) 
(do, surface element; y, inner normal). The kinetic potential 


is again given by the difference of the kinetic energy L and the 
potential energy U: 


H=L-—U. 
The kinetic energy is: 
IL — ae (e* == De . uy); 


wherein dr denotes a volume element, & the volume density. 
The potential energy U is likewise a space integral of a homo- 
geneous quadratic function f which specifies the potential energy 
of a volume element. This depends, as is seen from purely 
geometrical considerations, only upon the 6 “strain coefficients:”’ 


be aby _ Abe _ 
We? Oy 08 
avy, Ds, As Oe tng ty 
Oz ay oe po ila ue 
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In general, therefore, the function f contains 21 independent 
constants, which characterize the whole elastic behavior of the 
substance. For isotropic substances these reduce on grounds 
of symmetry to 2. Substituting these values in the expression 
for the principle of least action (57) we obtain: 


+ [ do(X,a0.+ se) = 0. 
If we put for brevity: 


Of _ of of 
Ot, Xz, OY, Yy eS 2. 
of of of 
5 = Yaeele — 9g, = 42 = Xe =p Yi 
it turns out, as the result of purely mathematical operations in 
which the variations 6p,, 5v,, --- and likewise the variations 
52,, 62y, --- are reduced through suitable partial integration with 


respect to the variations 6v,, dv,, ---, that the conditions within 
the body are expressed by: 


me a 


io, oy 3. 


fF 


Ox, 
a Ch ae 
and at the surface, by: 

XA, = X, cos vz + X, cos vy + X, cos v2, «>: 


as is known from the theory of elasticity. The mechanical sig- 
nificance of the quantities X,, Y,, --- as surface forces follows 
from the surface conditions. 

For the last application of the principle of least action we will 
take a special case of electrodynamics, namely, electrodynamic 
processes in a homogeneous isotropic non-conductor at rest, e. g., 
avacuum. The treatment is analogous to that carried out in the 
foregoing example. The only difference lies in the fact that in 
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electrodynamics the dependence of the potential energy U upon 
the generalized coordinate » is somewhat different than in elastic 
phenomena. 

We therefore again put for the external work: 


A = f do(X,8v, + Y,dvy + Z,50,), (61) 
and for the kinetic potential: 


H=L—U, 


wherein again: 
L = f arse + v,? + v,”) = far; (v)?. 
On the other hand, we write here: 
h 
U= of drs (curl »)?. 


Through these assumptions the dynamical equations including 
the boundary conditions are now completely determined. The 
principle of least action (57) furnishes: 


S dtl fdrk(.bi. + ---) — fdrh(curl, v5 curl, v + +++) 
+ f do(X,sv,+ ---)} = 0. 


From this follow, in quite an analogous way to that employed 
above in the theory of elasticity, first, for the interior of the 
non-conductor: 


a dcurly» curl, d 
Bi, = 1( ozté‘ét ik 


or more briefly 
ko = — hurl curl », (62) 


and secondly, for the surface: 
X, = h(curl, » - cos vy — curl, » - cos vz), ++ (63) 


These equations are identical with the known electrodynamical 
equations, if we identify Z with the electric, and U with the 
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magnetic energy (or conversely). If we put 
1 ¢’ il 
es 5 Ae = 5 2 
= = { dr+>&@ and U sof ar SD’, 


(E and §, the field strengths, «, the dielectric constant, yu, the 
permeability) and compare these values with the above expres- 
sions for LZ and U we may write: 


ee... (re = et 
b= —€ ie curly = aa (64) 


It follows then, by elimination of », that: 


: eh 
H=- Nii - curl G, 


and further, by substitution of » and curl » in equation (62) found 
above for the interior of the non-conductor, that: 


E= afi ca ©: 


Comparison with the known electrodynamical equations ex- 
pressed in Gaussian units: 


pO = — ccurl &, CE =cculS 


(c, velocity of light in vacuum) results in a complete agreement, 


if we put: 
CRE Al oie 
w= Nwk See NS 


From either of these two equations it follows that: 


ea 
ae) 


eu 


| 


the square of the velocity of propagation. 


We obtain from (61) for the energy entering the system from 
without: 
dt- f do(X,b. + Y,0, + Z,%.), 
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or, taking account of the surface equation (63): 
dt - f doh{ (curl, » cos vy — curl, » cos vz)0z + +--+}, 


an expression which, upon substitution of the values of ) and curl 
v from (64), turns out to be identical with the Poynting energy 
current. 

We have thus by an application of the principle of least action 
with a suitably chosen expression for the kinetic potential H 
arrived at the known Maxwellian field equations. 

Are, then, the electromagnetic processes thus referred back to 
mechanical processes? By no means; for the vector » employed 
here is certainly not a mechanical quantity. It is moreover not 
possible in general to interpret b as a mechanical quantity, for 
instance, » as a displacement, 0 as a velocity, curl » as a rotation. 
Thus, e. g., in an electrostatic field » is constant. Therefore, 
» increases with the time beyond all limits, and curl » can 
no longer signify a rotation.!. While from these considerations 
the possibility of a mechanical explanation of electrical phenom- 
ena is not proven, it does appear, on the other hand, to be un- 
doubtedly true that the significance of the principle of least 
action may be essentially extended beyond ordinary mechanics 
and that this principle can therefore also be utilized as the 
foundation for general dynamics, since it governs all known re- 
versible processes. 

1 With regard to the impossibility of interpreting electrodynamic processes 
in terms of the motions of a continuous medium, cf. particularly, H. Witte: 


Uber den gegenwiirtigen Stand der Frage nach einer mechanischen Erklarung 
der elektrischen Erscheinungen”’ Berlin, 1906 (E. Ebering). 
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GENERAL Dynamics. PRINCIPLE OF RELATIVITY. 


In the lecture of yesterday we saw, by means of examples, 
that all continuous reversible processes of nature may be repre- 
sented as consequences of the principle of least action, and 
that the whole course of such a process is uniquely determined 
as soon as we know, besides the actions which are exerted upon 
the system from without, the kinetic potential H as a function 
of the generalized coordinates and their differential coefficients 
with respect to time. The determination of this function 
remains then as a special problem, and we recognize here a 
rich field for further theories and hypotheses. It is my purpose 
to discuss with you today an hypothesis which represents a mag- 
nificent attempt to establish quite generally the dependency of 
the kinetic potential H upon the velocities, and which is commonly 
designated as the principle of relativity. The gist of this prin- 
ciple is: it is in no wise possible to detect the motion of a 
body relative to empty space; in fact, there is absolutely 
no physical sense in speaking of such a motion. If, therefore, 
two observers move with uniform but different velocities, then 
each of the two with exactly the same right may assert that with 
respect to empty space he is at rest, and there are no physical 
methods of measurement enabling us to decide in favor of the one 
or the other. The principle of relativity in its generalized form 
is a very recent development. The preparatory steps were taken 
by H. A. Lorentz, it was first generally formulated by A. Einstein, 
and was developed into a finished mathematical system by 
H. Minkowski. However, traces of it extend quite far back 
into the past, and therefore it seems desirable first to say some- 
thing concerning the history of its development. 
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The principle of relativity has been recognized in mechanics 
since the time of Galilee and Newton. It is contained in the 
form of the simple equations of motion of a material point, since 
these contain only the acceleration and not the velocity of 
the point. If, therefore, we refer the motion of the point, 
first to the coordinates x, y, z, and again to the coordinates 
x’, y’, 2’ of a second system, whose axes are directed parallel 
to the first and which moves with the velocity vy in the direc- 
tion of the positive x-axis: 


v=2z-—yv, y=y, 2 =2, (65) 


and the form of the equations of motion is not changed in the 
slightest. Nothing short of the assumption of the general val- 
idity of the relativity principle in mechanics can justify the inclu- 
sion by physics of the Copernican cosmical system, since through 
it the independence of all processes upon the earth of the progres- 
sive motion of the earth is secured. If one were obliged to take 
account of this motion, I should have, e. g., to admit that the piece 
of chalk in my hand possesses an enormous kinetic energy, corre- 
sponding to a velocity of something like 30 kilometers per second. 

It was without doubt his conviction of the absolute valid- 
ity of the principle of relativity which guided Heinrich Hertz 
in the establishment of his fundamental equations for the elec- 
trodynamics of moving bodies. The electrodynamics of Hertz 
is, in fact, wholly built upon the principle of relativity. It recog- 
nizes no absolute motion with regard to empty space. It speaks 
only of motions of material bodies relative to one another. In 
accordance with the theory of Hertz, all electrodynamic pro- 
cesses occur in material bodies; if these move, then the electro. 
dynamic processes occurring therein move with them. To speak 
of an independent state of motion of a medium outside of material 
bodies, such as the ether, has just as little sense in the theory of 
Hertz as in the modern theory of relativity. 

But the theory of Hertz has led to various contradictions with 
experience. I will refer here to the most important of these. 
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Fizeau brought (1851) into parallelism a bundle of rays origi- 
nating in alight source L by means of a lens and then brought it 
to a focus by means of a second lens upon a screen S (Fig. 2). 


Fia. 2. 


In the path of the parallel light rays between the two lenses he 
placed a tube system of such sort that a transparent liquid could 
be passed through it, and in such manner that in one half (the 
upper) the light rays would pass in the direction of flow of the 
liquid while in the other half (the lower), the rays would pass in 
the opposite direction. 

If now a liquid or a gas flow through the tube system with the 
velocity v, then, in accordance with the theory of Hertz, since 
light must be a process in the substance, the light waves must 
be transported with the velocity of the liquid. The veloc- 
ity of light relative to LZ and S is, therefore, in the upper part 
qo+yv, and the lower part go — v, if go denote the velocity 
of light relative to the liquid. The difference of these two 
velocities, 2v, should be observable at S through corresponding 
interference of the lower and the upper light rays, and quite inde- 
pendently of the nature of the flowing substance. Experiment 
did not confirm this conclusion. Moreover, it showed in gases 
generally no trace of the expected action; i. e., light is propagated 
in a flowing gas in the same manner as in a gas at rest. On the 
other hand, in the case of liquids an effect was certainly indicated, 
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but notably smaller in amount than that demanded by the theory 
of Hertz. Instead of the expected velocity difference 2, the 
difference 2v(1 — 1/n?) only was observed, where n is the re- 
fractive index of the liquid. The factor (1 — 1/n?) is called 
the Fresnel coefficient. There is contained (for nm = 1) in this 
expression the result obtained in the case of gases. 

It follows from the experiment of Fizeau that, as regards 
electrodynamic processes in a gas, the motion of the gas is 
practically immaterial. If, therefore, one holds that electro- 
dynamic processes require for their propagation a substantial 
carrier, a special medium, then it must be concluded that this 
medium, the ether, remains at rest when the gas moves in an ar- 
bitrary manner. This interpretation forms the basis of the elec- 
trodynamics of Lorentz, involving an absolutely quiescent ether. 
In accordance with this theory, electrodynamic phenomena have 
only indirectly to do with the motion of matter. Primarily all 
electrodynamical actions are propagated in ether at rest. Matter 
influences the propagation only in a secondary way, so far as it 
is the cause of exciting in greater or less degree resonant vibrations 
in its smallest parts by means of the electrodynamic waves 
passing through it. Now, since the refractive properties of sub- 
stances are also influenced through the resonant vibrations of its 
smallest particles, there results from this theory a definite con- 
nection between the refractive index and the coefficient of Fresnel, 
and this connection is, as calculation shows, exactly that de- 
manded by measurements. So far, therefore, the theory of 
Lorentz is confirmed through experience, and the principle of 
relativity is divested of its general significance. 

The principle of relativity was immediately confronted by 
a new difficulty. The theory of a quiescent ether admits the 
idea of an absolute velocity of a body, namely the velocity 
relative to the ether. Therefore, in accordance with this theory, 
of two observers A and B who are in empty space and who 
move relatively to each other with the uniform velocity v, it would 
be at best possible for only one rightly to assert that he is at 
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rest relative to the ether. If we assume, e. g., that at the moment 
at which the two observers meet an instantaneous optical signal, 
a flash, is made by each, then an infinitely thin spherical wave 
spreads out from the place of its origin in all directions through 
empty space. If, therefore, the observer A remain at the center 
of the sphere, the observer B will not remain at the center and, 
as judged by the observer B, the light in his own direction of 
motion must travel (with the velocity c — v) more slowly than 
in the opposite direction (with the velocity c + vy), or than in a 
perpendicular direction (with the velocity vc? — »?) (cf. Fig. 3). 


Fig. 3. 


Under suitable conditions the observer B should be able to 
detect and measure this sort of effect. 

This elementary consideration led to the celebrated attempt 
of Michelson to measure the motion of the earth relative to the 
ether. A parallel beam of rays proceeding from L (Fig. 4) 
falls upon a transparent plane parallel plate P inclined at 45°, 
by which it is in part transmitted and in part reflected. The 
transmitted and reflected beams are brought into interference 
by reflection from suitable metallic mirrors S,; and S:, which are 
removed by the same distance! from P. If, now, the earth with 
the whole apparatus moves in the direction PS, with the velocity 
v, then the time which the light needs in order to go from P to 
S, and back is: 
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been Sao) 


c—v ctv e 


On the other hand, the time which the light needs in order to pass 
from P to S, and back to P is: 
l l _ 2 =( 1 ). 
—_————— 1 
w= Woe Voz — yp? +5 Rat 
If, now, the whole apparatus be turned through a right angle, a 
noticeable displacement of the interference bands should result, 


Fig. 4. 


since the time for the passage over the path PS, is now longer. 
No trace was observed of the marked effect to be expected. 
Now, how will it be possible to bring into line this result, 
established by repeated tests with all the facilities of modern 
experimental art? E. Cohn has attempted to find the neces- 
sary compensation in a certain influence of the air in which 
the rays are propagated. But for anyone who bears in mind the 
great results of the atomic theory of dispersion and who does 
not renounce the simple explanation which this theory gives for 
the dependence of the refractive index upon the color, without 
introducing something else in its place, the idea that a moving 
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absolutely transparent medium, whose refractive index is abso- 
lutely = 1, shall yet have a notable influence upon the velocity 
of propagation of light, as the theory of Cohn demands, is not 
possible of assumption. For this theory distinguishes essentially 
a transparent medium, whose refractive index is = 1, from a 
perfect vacuum. For the former the velocity of propagation of 
light in the direction of the velocity v of the medium with relation 
to an observer at rest is 
2 


Vv 
q'= Coie 


for a vacuum, on the other hand, g = c. In the former medium, 
Cohn’s theory of the Michelson experiment predicts no effect, 
but, on the other hand, the Michelson experiment should give 
a positive effect in a vacuum. 

In opposition to E. Cohn, H. A. Lorentz and FitzGerald 
ascribe the necessary compensation to a contraction of the whole 
optical apparatus in the direction of the earth’s motion of the 
order of magnitude y?/c?, This assumption allows better of the 
introduction again of the principle of relativity, but it can first 
completely satisfy this principle when it appears, not as a neces- 
sary hypothesis made to fit the present special case, but as a 
consequence of a much more general postulate. We have to 
thank A. Einstein for the framing of this postulate and H. Min- 
kowski for its further mathematical development. 

Above all, the general principle of relativity demands the 
renunciation of the assumption which led H. A. Lorentz to the 
framing of his theory of a quiescent ether; the assumption 
of a substantial carrier of electromagnetic waves. For, when 
such a carrier is present, one must assume a definite velocity of a 
ponderable body as definable with respect to it, and this is exactly 
that which is excluded by the relativity principle. Thus the 
ether drops out of the theory and with it the possibility of 
mechanical explanation of electrodynamic processes, i. e., of re- 
ferring them to motions. The latter difficulty, however, does 
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not signify here so much, since it was already known before, 
that no mechanical theory founded upon the continuous motions 
of the ether permits of being completely carried through (cf. p. 
111). In place of the so-called free ether there is now substituted 
the absolute vacuum, in which electromagnetic energy is inde- 
pendently propagated, like ponderable atoms. I believe it follows 
as a consequence that no physical properties can be consistently 
ascribed to the absolute vacuum. The dielectric constant and the 
magnetic permeability of a vacuum have no absolute meaning, 
only relative. If an electrodynamic process were to occur ina 
ponderable medium as in a vacuum, then it would have absolutely 
no sense to distinguish between field strength and induction. 
In fact, one can ascribe to the vacuum any arbitrary value of the 
dielectric constant, as is indicated by the various systems of 
units. But how is it now with regard to the velocity of propa- 
gation of light? This also is not to be regarded as a property of 
the vacuum, but as a property of electromagnetic energy which 
is present in the vacuum. Where there is no energy there can 
exist no velocity of propagation. 

With the complete elimination of the ether, the opportunity is 
now present for the framing of the principle of relativity. Ob- 
viously, we must, as a simple consideration shows, introduce 
something radically new. In order that the moving observer 
B mentioned above (Fig. 3, p. 116) shall not see the light 
signal given by him travelling more slowly in his own direction 
of motion (with the velocity c — v) than in the opposite direction 
(with the velocity c++), it is necessary that he shall not identify 
the instant of time at which the light has covered the distance 
ce — vin the direction of his own motion with the instant of time at 
which the light has covered the distance ¢ + v in the opposite 
direction, but that he regard the latter instant of time as later. 
In other words: the observer B measures time differently from 
the observer A. This is a priori quite permissible; for the 
relativity principle only demands that neither of the two observers 
shall come into contradiction with himself. However, the 
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possibility is left open that the specifications of time of both 
observers may be mutually contradictory. 

It need scarcely be emphasized that this new conception of the 
idea of time makes the most serious demands upon the capacity 
of abstraction and the projective power of the physicist. It 
surpasses in boldness everything previously suggested in specu- 
lative natural phenomena and even in the philosophical theories 
of knowledge: non-euclidean geometry is child’s play in com- 
parison. And, moreover, the principle of relativity, unlike non- 
euclidean geometry, which only comes seriously into consider- 
ation in pure mathematics, undoubtedly possesses a real physical 
significance. The revolution introduced by this principle into 
the physical conceptions of the world is only to be compared in 
extent and depth with that brought about by the introduction 
of the Copernican system of the universe. 

Since it is difficult, on account of our habitual notions con- 
cerning the idea of absolute time, to protect ourselves, without 
special carefully considered rules, against logical mistakes in the 
necessary processes of thought, we shall adopt the mathematical 
method of treatment. Let us consider then an electrodynamic 
process in a pure vacuum; first, from the standpoint of an ob- 
server A;secondly, from the standpoint of an observer B, who 
moves relatively to observer A with a velocity v in the direction 
of the z-axis. Then, if A employ the system of reference 2, y, 2, t, 
and B the system of reference 2’, y’, 2’, t’, our first problem is to 
find the relations among the primed and the unprimed quantities. 
Above all, it is to be noticed that since both systems of reference, 
the primed and the unprimed, are to be like directed, the equa- 
tions of transformation between corresponding quantities in the 
two systems must be so established that it is possible through 
a transformation of exactly the same kind to pass from the first 
system to the second, and conversely, from the second back to 
thefirst system. It follows immediately from this that the velocity 
of light c’ in a vacuum for the observer B is exactly the same 
as for the observer A. Thus, if c’ and ¢ are different, c’ >, 
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say, it would follow that: if one passes from one observer A to 
ancther observer B who moves with respect to A with uniform 
velocity, then he would find the velocity of propagation of light 
for B greater than for A. This conclusion must likewise hold 
quite in general independently of the direction in which B moves 
with respect to A, because all directions in space are equivalent 
for the observer A. On the same grounds, in passing from B to 
A,c must be greater than c’, for all directions in space for the 
observer B are now equivalent. Since the two inequalities con- 
tradict, therefore c’ must be equal to c. Of course this impor- 
tant result may be generalized immediately, so that the totality 
of the quantities independent of the motion, such as the 
velocity of light in a vacuum, the constant of gravitation 
between two bodies at rest, every isolated electric charge, and 
the entropy of any physical system possess the same values for 
both observers. On the other hand, this law does not hold for 
quantities such as energy, volume, temperature, etc. For these 
quantities depend also upon the velocity, and a body which is 
at rest for A is for B a moving body. 

We inquire now with regard to the form of the equations 
of transformation between the unprimed and the primed coor- 
dinates. For this purpose let us consider, returning to the 
previous example, the propagation, as it appears to the two 
observers A and B, of an instantaneous signal creating an infi- 
nitely thin light wave which, at the instant at which the observ- 
ers meet, begins to spread out from the common origin of 
coordinates. For the observer A the wave travels out as a 
spherical wave: 

+t 2— ce = 0. (66) 


For the second observer B the same wave also travels as a 
spherical wave with the same velocity: 


a? ty? + 2" — ct” = 0; (67) 


for the first observer has no advantage over the second observer. 
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B can exactly with the same right as A assert that he is at rest 
at the center of the spherical wave, and for B, after unit time, the 


Fig. 5. 


wave appears as in Fig. 5, while its appearance for the observer 
A after unit time, is represented by Fig. 3 (p. 116).! 

The equations of transformation must therefore fulfill the 
condition that the two last equations, which represent the same 
physical process, are compatible with each other; and further- 
more: the passage from the unprimed to the primed quantities 
must in no wise be distinguished from the reverse passage from 
the primed to the unprimed quantities. In order to satisfy 
these conditions, we generalize the equations of transformation 
(65), set up at the beginning of this lecture for the old mechanical 
principle of relativity, in the following manner: 


v=Kae-—vt), y=dy, 2 =p, t = vtt+ po. 


Here v denotes, as formerly, the velocity of the observer B relative 
to A and the constants x, \, u, v, p are yet to be determined. We 


must have: 
z=K(a’—vl), y=Ny, s=p'’, t= vt + p'z’. 
It is now easy to see that \ and X’ must both = 1. For, if, e. g., 


1 The circumstance that the signal is a finite one, however small the time 
may be, has significance only as regards the thickness of the spherical layer 
and not for the conclusions here under consideration. 
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\ be greater than 1, then \’ must also be greater than 1; for the 
two transformations are equivalent with regard to the y axis. 
In particular, it is impossible that ) and ’ depend upon the 
direction of motion of the other observer. But now, since, in 
accordance with what precedes, \ = 1/\’, each of the two 
inequalities contradict and therefore \ = \’ = 1; likewise, 
w= p’=1. The condition for identity of the two spherical 
waves then demands that the expression (66): 


cat eet 


become, through the transformation of coordinates, identical with 
the expression (67): 
a” y” ag? ee 


and from this the equations of transformation follow without 
ambiguity: 


v= Kem), yay P= ta e(t-Je), (8) 


wherein 
c 


= 


Conversely: 
e=x(e' +o’), y=y, s=2, t= c(v +32’). (69) 


These equations permit quite in general of the passage from the 
system of reference of one observer to that of the other (H. A. 
Lorentz), and the principle of relativity asserts that all processes 
in nature occur in accordance with the same laws and with the 
same constants for both observers (A. Einstein). Mathemat- 
ically considered, the equations of transformation correspond to 
a rotation in the four dimensional system of reference (2, y, 2, ict) 
through the imaginary angle arctg (i(v/c)) (H. Minkowski). 
Accordingly, the principle of relativity simply teaches that there 
is in the four dimensional system of space and time no special 
characteristic direction, and any doubts concerning the general 
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validity of the principle are of exactly the same kind as those 
concerning the existence of the antipodians upon the other side 
of the earth. 

We will first make some applications of the principle of 
relativity to processes which we have already treated above. 
That the result of the Michelson experiment is in agreement 
with the principle of relativity, is immediately evident; for, in 
accordance with the relativity principle, the influence of a 
uniform motion of the earth upon processes on the earth can 
under no conditions be detected. 

We consider now the Fizeau experiment with the flowing 
liquid (see p. 114). If the velocity of propagation of light in 
the liquid at rest be again qo, then, in accordance with the 
relativity principle, go is also the velocity of the propagation 
of light in the flowing liquid for an observer who moves with 
the liquid, in case we disregard the dispersion of the liquid; 
for the color of the light is different for the moving observer. If 
we call this observer B and the velocity of the liquid as above, 
vy, we may employ immediately the above formulae in the cal- 
culation of the velocity of propagation of light in the flowing 
liquid, judged by an observer A at the screen S. We have only 


to put 
dx’ ; 
dt’ — Hy — qos 


and to seek the corresponding value of 


For this obviously gives the velocity sought. 
Now it follows directly from the equations of transformation 


(69) that: 


dx . “+p 
a Vee 
i. 
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and, therefore, through appropriate substitution, the velocity 
sought in the upper tube, after neglecting higher powers in v/c 


and v/qo, is: 
sages, ig. ( -") 
x rq0 go+ v , 


ey 


and the corresponding velocity in the lower tube is: 


which is the Fresnel coefficient, in agreement with the measure- 
ments of Fizeau. 

The significance of the principle of relativity extends, not only 
to optical and other electrodynamic phenomena, but also to 
all processes of ordinary mechanics; but the familiar expression 
(mq?) for the kinetic energy of a mass point moving with 
the velocity q is incompatible with this principle. 

But, on the other hand, since all mechanics as well as the 
rest of physics is governed by the principle of least action, the 
significance of the relativity principle extends at bottom only to 
the particular form which it prescribes for the kinetic potential 
H, and this form, though I will not stop to prove it, is char- 
acterized by the simple law that the expression 


H-dt 
for every space element of a physical system is an invariant 
=~ dif 


with respect to the passage from one observer A to the other 
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observer B or, what is the same thing, the expression H/Ve? — @ 


is in this passage an invariant = H’/ Vc? ~ q?. 

Let us now make some applications of this very general law, 
first to the dynamics of a single mass point in a vacuum, whose 
state is determined by its velocity g. Let us call the kinetic 
potential of the mass point for g = 0, Ho, and consider now the 
point at an instant when its velocity is g. For an observer 
B who moves with the velocity q with respect to the observer 
A, q’ = 0 at this instant, and therefore H’ = Hy. But now 
since in general: 


EE poe ie 
Ve—qg vee q” 


we have after substitution: 
2 2 +2 od 
geet cerry 


With this value of H, the Lagrangian equations of motion (59) 
of the previous lecture are applicable. 

In accordance with (60), the kinetic energy of the mass point 
amounts to: 


On). Of an amet is Hy 
a ae ee ee en a ~ ae 
~ @ 
and the momentum to: 
OH qH 
qs — = 
dq eve? — 


G/q is called the transverse mass m,, and dG/dq the longitudinal 
mass m, of the point; accordingly: 


Ho cH 


Mm = ~ exe? — q?’ m= ~ (2 — gh" 
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For q = 0, we have 

Ho 
mMm=mMN, = M= zs ye 

c 

It is apparent, if one replaces in the above expressions the constant 

H by the constant mo, that the momentum is: 


and the transverse mass: 


and the longitudinal mass: 


i 
“Cay 
Ce 


and, finally, that the kinetic energy is: 
moc? 


q’ 
Vi-G 


The familiar value of ordinary mechanics }moq? appears here 
therefore only as an approximate value. These equations have 
been experimentally tested and confirmed through the measure- 
ments of A. H. Bucherer and of E. Hupka upon the magnetic 
deflection of electrons. 

A further example of the invariance of H - dt will be taken from 
electrodynamics. Let us consider in any given medium any 
electromagnetic field. For any volume element V of the medium, 
the law holds that V - dé is invariant in the passage from the one 
to the other observer. It follows from this that H/V is invariant; 


E= = moc? + gmog? + ++. 
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i. e., the kinetic potential of a unit volume or the “ space density 
of kinetic potential” is invariant. 
Hence the following relation exists; 


ED — HY = G'D’ — HY’, 
wherein © and § denote the field strengths and D and B the 


corresponding inductions. Obviously a corresponding law for 
the space energy density €D + 6% will not hold. 

A third example is selected from thermodynamics. If we 
take the velocity q of a moving body, the volume V and the 
temperature 7' as independent variables, then, as I have shown 
in the previous lecture (p. 105), we shall have for the pressure 
p and the entropy S the following relations: 


oH oH 
aa P and aT S. 


Now since V/ vc? — q? is invariant, and S likewise invariant 
(see p. 121), it follows from the invariance of H/~vVc?—(/ 
that p is invariant and also that 7/ vc? — q? is invariant, and 
hence that: 


p=p’ and ssestilndou = pls oes 
Ve—g Vee q” 
The two observers A and B would estimate the pressure of a 
body as the same, but the temperature of the body as different. 
A special case of this example is supplied when the body 
considered furnishes a black body radiation. The black body 
radiation is the only physical system whose dynamics (for quasi- 
stationary processes) is known with absolute accuracy. That the 
black body radiation possesses inertia was first pointed out by 
F. Hasendhrl. For black body radiation at rest the energy 
Eo = aT"V is given by the Stefan-Boltzmann law, and the entropy 
So= f E/T) = 4aT°V, and the pressure po = (a/3) 7‘, and, 


therefore, in accordance with the above relations, the kinetic 
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potential is: 


a 
ney 1 
Hy = 3 TV. 


Let us imagine now a black body radiation moving with the 
velocity q with respect to the observer A and introduce an 
observer B who is at rest (q = 0) with reference to the black body 
radiation; then: 


wherein 


Taking account of the above general relations between 7’ and 
T, V’ and V, this gives for the moving black body radiation the 
kinetic potential: 


from which all the remaining thermodynamic quantities: the 
pressure p, the energy EL, the momentum G, the longitudinal and 
transverse masses m; and m, of the moving black body radiation 
are uniquely determined.— 

Colleagues, ladies and gentlemen, I have arrived at the con- 
clusion of my lectures. I have endeavored to bring before 
you in bold outline those characteristic advances in the present 
system of physics which in my opinion are the most important. 
Another in my place would perhaps have made another and better 
choice and, at another time, it is quite likely that I myself 
should have doneso. The principle of relativity holds, not only 
for processes in physics, but also for the physicist himself, in 
that a fixed system of physics exists in reality only for a given 
physicist and for a given time. But, as in the theory of rela- 
tivity, there exist invariants in the system of physics: ideas and 
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laws which retain their meaning for all investigators and for 
all times, and to discover these invariants is always the real 
endeavor of physical research. We shall work further in this 
direction in order to leave behind for our successors where pos- 
sible—lasting results. For if, while engaged in body and mind 
in patient and often modest individual endeavor, one thought 
strengthens and supports us, it is this, that we in physics work, 
not for the day only and for immediate results, but, so to speak, 
for eternity. 

I thank you heartily for the encouragement which you have 
given me. I thank you no less for the patience with which you 
have followed my lectures to the end, and I trust that it may be 
possible for many among you to furnish in the direction indicated 
much valuable service to our beloved science. 


Notes on Planck’s 
Lectures on Theoretical Physics 
[Line numbers are counted from the top of Planck’s pages, 
except those marked b, which are counted from the bottom. ] 


FIRST LECTURE 


p- 2, 1. 9 [Planck’s teacher at Munich, Philipp von Jolly, advised 
him against a career in physics on the ground that the discovery 
of the principles of thermodynamics had completed the structure 
of theoretical physics. See J. L. Heilbron, Dilemmas, p. 10 and 
Lawrence Badash, “Completeness of Nineteenth Century 
Science,” Isis, 63, 48-58 (1972).] 


p. 4, 1. 5 [Planck here refers implicitly to Ernst Mach, wishing “to 
avoid anything that would personally offend the worthy old gen- 
tleman, but I must for once stand up to his ‘antimetaphysical’ 
theory. To that I am obliged by my own convictions” (letter to 
Laue, August 5, 1910). See Erwin N. Hiebert, The Concept of 
Thermodynamics in the Scientific Thought of Mach and Planck 
(Freiburg: Ernst-Mach-Institut, 1968), J. T. Blackmore, Ernst 
Mach (Berkeley: University of California Press, 1972), pp. 
217-222, and Needell, “Irreversibility,” pp. 108-110. 


p. 8, 1. 4b [Lorentz, and Paul Drude before him, argued that elec- 
trons in a metal might be considered as a kind of “gas” because 
they are essentially free (since weakly interacting). Applying the 
kinetic theory of gases then yields experimental predictions. For 
his Columbia lectures of 1906 Lorentz produced his most exten- 
sive exposition of this work, The Theory of Electrons (Dover, 
1952), which refers briefly to Planck’s work on pp. 78-80 and 
reviews Drude’s work on pp. 63-—67.] 


131 


132 NOTES TO THE LECTURES. 


p. 9. 1. Tb [The classic papers by Robert Mayer (“The Forces of 
Inorganic Nature.” 1842). James Joule (“On Matter, Living Force. 
and Heat.” 1847). and Hermann von Helmholtz (“The 
Conservation of Force.” 1847) are included in Kinetic Theory. ed. 
Stephen G. Brush (Oxford: Pergamon Press. 1965). vol. 1. pp. 
T1-110.] 


p. 10. 1. 19 [Clausius formulated the first and second laws of ther- 
modynamics as: “1. The energy of the universe is constant. 2. The 
entropy of the universe strives to attain a maximum value.” See 
his 1865 paper “On Different Forms of the Fundamental 
Equations of the Mechanical Theory of Heat.” reprinted in The 
Second Law of Thermodynamics. ed. Joseph Kestin (Stroudsburg. 
PA: Dowden. Hutehinsen. & Ross. 1976). pp. Lo2-193. at 193.] 


p- 11.1.5 [Wilhelm Ostwald. Georg Helm. and others put forward 
a concept of “energetics” in which the second law of thermody- 
namics is not merely a statistical measure of the likeliness of 
states of increasing disorder. but rather a deterministic law which 
does not require an underlying atomic theory: when he began his 
work on black-body radiation. Planek was close to this opinion. 
See Stephen G. Brush. The Aind of Motion We Call Heat 
(Amsterdam: North-Holland. 1976). vol. 1. pp. 61-62. 96-98 and 
Erwin N. Hiebert. “The Energetics Controversy and the New 
Thermodynamics” in Perspectives in the History of Science and 
Technology, ed. Duane H. D. Roller (Norman. OK: University of 
Oklahoma Press. 1971). pp. 07-97; Ostwald’s 1895 lecture “The 
Failure of Scientific Materialism” is translated in Popular Science 


Monthly 48, 589-601 (March 1896). | 


p- 13. 1. lb [This is the formulatien of the second law which 
Planek had introduced in his decteral thesis (1878): for a more 


extensive exposition see his Treatise on Thermodynamics. pp: 


89-107. ] 


p- 15.1.1 [The “incorrect conception” was that Carnot considered 
heat to be an actual material substance. called “caloric.” This 
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conception was abandoned by most physicists by 1840; see Brush, 
Heat, vol. 1, pp. 27-32. Interestingly, Carnot’s analysis did not 
depend on this assumption and survived the abandonment of the 
caloric theory; see Brush, Heat, vol. 2, pp. 566-583 and Martin J. 
Klein, “Carnot’s contribution to thermodynamics,” Physics 


Today 27:8, 23-28 (1974).] 


p. 15, 1. 8b [For Carnot’s original demonstration (1824) that there 
is a greatest possible amount of work that can be extracted from 
an idealized heat engine, see his Reflections on the Motive Power of 


Fire (Dover, 1960), pp. 3—22.] 


p- 16, |. 8 [Planck is thinking of heat transferred from a warmer 
body to a colder one. But depending on whether we identify the 
heat transferred with (1) the amount given up or (2) the amount 
absorbed, we get two different expressions for the work that has 
been lost. Now the work that can be obtained from an ideal 
Carnot engine depends on the difference of the two temperatures, 
T,-T,. The work done also is proportional to the quantity of heat 
transferred, Q. But depending on whether we are considering case 
(1) or case (2) we will form the ratio of Q(T,-T,) with either (1) 
T, or (2) T,. Then the work lost is either (1) Q(T,-T;)/T, or (2) 
Q(T,-T,)/T,, and Planck notes that the mathematical form of 
the result is not unique. | 


p- 17, 1. 6b [Clausius does not specify the reversible process; he 
only postulates that such a reversible process exists in order to 
make his definition of entropy consistent; for example, a part of 
a Carnot cycle will satisfy the requirement of reversibility. Since 
Clausius’ entropy is a function only of the state of the system, and 
not of how it got there, he argues that it can characterize even 
irreversible processes. | 


p. 18, 1. 4b [Planck chooses to speak of heat loss, which makes his 
Q negative here. Hence the last inequality on the page might be 
written > (-Q)/T = 0, showing that the magnitude of the heat 
expended (-Q) is positive and thus the entropy must increase. | 
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p- 19, 1. 1 [Isothermal means that the process occurs at constant 
temperature. The two bottom equations on p. 18 then imply that 
2 Q <= 0 and that A < 0.] 


p. 19, lL. 4b [See the Seventh Lecture; Newton’s laws and 
Maxwell’s equations are reversible in time and thus can be for- 
mulated in terms of a principle of least action. Planck also treats 
these matters in “The Principle of Least Action,” Survey of 
Physical Theory, pp. 69-81 (PAV 3.91-101). For Helmholtz’s 
treatment see Wolfgang Yourgrau and Stanley Mandelstam, 
Variational Principles in Dynamics and Quantum Theory (Dover, 


1979), pp. 93-95, 163-164.] 


SECOND LECTURE 


p-. 21, 1. 17 [Planck takes examples from his own work from 
1878-1895, which he treated in more detail in his Treatise on 
Thermodynamics, pp. 139-292; his original papers (PAV 1.1-444) 
are discussed by Kangro, Early History, pp. 110-124. Although he 
did not know it at the time, the same results had been found by 
the American physicist Josiah Willard Gibbs (1839-1903); see 
Martin J. Klein, “The Scientific Style of Josiah Willard Gibbs,” in 
Springs of Scientific Creativity, ed. Rutherford Aris et al. 
(Minneapolis: University of Minnesota Press, 1983), pp. 142-162. 
After reading Gibbs’s Elementary Principles of Statistical 
Mechanics (1902; Dover, 1960) Planck wrote a review which 
expressed both admiration as well as criticism, particularly con- 
cerning Gibbs’s treatment of “the question of the identity of the 
particles”; see Needell, “Irreversibility,” pp. 45-55, Pesic, 
“Identicality,” and Paul and Tatiana Ehrenfest, The Conceptual 
Foundations of the Statistical Approach in Mechanics, tr. Michael 
J. Moravesik (Ithaca: Cornell University Press, 1959), p. 62. By 
1909, though, Planck increasingly appreciated what Gibbs had 


accomplished, as his tribute here records. } 


p- 24, 1. 3 [Note that lower-case u,, u,,... and v,, v9, ... are the 
energy and volume per molecule for each phase; uy and vy refer to 
the solvent. | 
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hired 
p- 25, |. 3b [Isobaric means the process occurs at constant pres- 
sure. | 


p- 31, 1. 3 [Clapeyron had derived this equation to relate the rela- 
tive ratios of heat loss and slope of pressure/temperature lines 
predicted by Carnot’s treatment of ideal engines; see Clapeyron’s 
“Memoir on the Motive Power of Heat,” in On the Motive Power 


of Heat, pp. 73-105 and Brush, Heat, vol. 2, pp. 566-583.] 


THIRD LECTURE 


p- 44, 1. 4b [Note the important hypothesis here: the probability 
of a certain physical state can be expressed as the sum of the 
probabilities of the molecular configurations or “complexions” 
which can go up to make up that state; those complexions are 
considered to have equal a priori probabilities. This approach 
Planck will apply at a crucial moment of his black body radiation 
calculation (pp. 90-91). For Boltzmann’s use of this technique see 
Martin J. Klein, “The Development of Boltzmann’s Statistical 
Ideas” in The Boltzmann Equation, ed. E. G. D. Cohen and W. 
Thirring (New York: Springer-Verlag, 1973), pp. 53-106 and 
“Max Planck and the Beginnings of Quantum Theory,” pp. 
472-476; see also Kuhn, Black-Body Theory, pp. 57-60, 98, 101, 
105, Olivier Darrigol, “Statistics and combinatorics in early quan- 
tum theory,” Historical Studies in the Physical Sciences 19, 17-80 
(1988), Ulrich Hoyer, “Von Boltzmann zu Planck,” Archive for 
History of Exact Sciences 23, 47-86 (1980), and Martin Koch, 
“From Boltzmann to Planck: On Continuity in Scientific 
Revolutions” in World Views and Scientific Discipline Formation, 
ed. W. R. Woodward and R. S. Cohen (Amsterdam: Kluwer 
Academic, 1991), pp. 141—150.] 


p- 47, l. 9 [This super-acute microscopic observer was first consid- 
ered by Maxwell and is often called “Maxwell’s demon.” See 
Brush, Heat, vol. 2, pp. 589-593 and Martin J. Klein, “Maxwell, 
His Demon, and the Second Law of Thermodynamics,” American 


Scientist 58:1, 84-97 (1970).] 
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p- 50, 1. 7b ff [In this concept of “elementary disorder” Planck 
shows his fundamental departure from Boltzmann’s statistical 
approach. For Boltzmann nothing could prevent the possibility of 
the decrease of entropy, however unlikely; for Planck, the pre- 
sumption of elementary disorder makes any such decrease impos- 
sible. This disorder mandates a new kind of counting of states, for 
it rests on the radical identicality which Planck introduces on pp. 
52-53 and uses on pp. 90-91. On the differences with Boltzmann 
see Needell, “Introduction,” pp. xix—xxi and “Irreversibility,” pp. 


42-55.] 


p- 51, n. 1 [Here Planck refers to Henri Poincaré’s proof (1890) 
that a finite system of bodies governed by classical mechanics will 
eventually reach every possible state an infinite number of times. 
Such “eternal return” implies that the entropy must periodically 
return to a given starting point, violating the second law, which 
calls for constant increase of entropy. This theorem had been at 
the center of a dispute between Ernst Zermelo, a student of 
Planck’s, and Ludwig Boltzmann (1896). Boltzmann’s resolution 
was that entropy does not always increase, only almost always; 
Planck here also notes that Poincaré had assumed ideally smooth 
walls bounding the system. See Brush, Heat, vol. 1, pp. 238-240, 
627; for the relevant original papers of Poincaré, Zermelo, and 


Boltzmann see Brush, Kinetic Theory, vol. 2, pp. 194-245.] 


p. 92, 1. 9b [Planck here makes explicit his awareness of the fun- 
damental significance of the sameness of these elements, which 
James Clerk Maxwell also had recognized in his Theory of Heat 
(New York: D. Appleton, 1872), pp. 309-312. See Pesic, 
“Identicality,” pp. 975—977.] 


p- 55, |. 6b [implicitly entropy is an “extensive” quantity, pro- 
portional to the amount of substance. It is contrasted with an 
“intensive” quantity like temperature which does not depend on 
the quantity of substance. ] 


p. 99, eq. (12) [Planck introduced k to specify the constant of pro- 
portionality and named it after Boltzmann. Note that if k were 
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xnoft 
not constant, entropy would no longer be simply additive for inde- 
pendent states. | 


p- 96, 1. 13 [Gibbs called this manifold of state domains “exten- 
sion-in-phase” but it is now usually called “phase space”; its coor- 
dinates are the generalized coordinates and momenta for all the 
particles. If there are N particles, each of which has 3 coordinates 
and 3 momenta, then there are 6N dimensions in phase space. The 
probability of a given state of such a system can now be defined 
in a geometric way as the volume that the state occupies in phase 
space (see the last equation on p. 57). Note that this volume is tac- 
itly compared to the whole physically possible volume in phase 
space the system might ever occupy (defined to have volume = 
total probability = 1). As Planck mentions, this volume is con- 
stant in time (Liouville’s Theorem); see Brush, Heat, vol. 2, p. 


634.] 


FOURTH LECTURE 


p- 60, 1. 3 [See the note to p. 44. Planck, following Boltzmann, lets 
the size of the elementary domains go to zero at the end of the 
calculation, leading to the Maxwellian distribution (p. 63); in the 
case of black-body radiation Planck does not take this limit and 
thus arrives at his new distribution (p. 92).] 


p- 68, 1. 6 [This “uniform distribution” is now usually called 
“equipartition of energy” when applied in general to any degree 
of freedom of the system. It does not hold in Planck’s treatment 
of radiation, as he notes on p. 92, |. 4. Planck’s suspicions about 
the experimental values of specific heats were quickly borne out; 
see Stephen G. Brush, Statistical Physics and the Atomic Theory of 
Matter (Princeton: Princeton University Press, 1983), pp. 
145-148. ] 


FIFTH LECTURE 


p- 74, 1. 18 [Diathermanous means allowing radiant energy to pass 
without absorption; here, the vacuum allows all frequencies of 


light to pass. | 
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X\ 


p- 75, n. | [See Planck, Theory of Heat Radiation, pp. 1-45.] 


p. 81, 1. 6b [Here Planck introduces his idealized oscillator, which 
is not explicitly a realistic model of an atom, but rather the sim- 
plest way of representing the universal qualities of radiation in a 
black body. Using this oscillator (which he will call a “resonator” 
in the next lecture) Planck envisages a simple thought-experi- 
ment to probe the radiation. | 


p. 83, 1. 3b [This equation represents the radiation such an oscil- 
lator must emit solely as a consequence of Maxwell’s equations. 
Planck does not introduce any internal damping of the oscillator, 
for that would require introducing friction ad hoc. His original 
hope had been that this radiation loss might exactly account for 
the increasing entropy of the radiation. | 


p. 86, 1. 4 [By “spectral division” Planck means rewriting the pre- 
ceding equation to show the contribution to the sum over Fourier 
coefficients near the oscillator’s natural frequency v,. (PAV 
1.758—762); for a helpful summary of this argument see Jammer, 
Conceptual Foundations, Appendix A, pp. 383-385 and Kangro, 
Early History, pp. 138—141.] 


SIXTH LECTURE 


p- 87, I. 5-7 [Planck now imagines putting an oscillator into the 
cavity of the black body to probe the intensity of the radiation; 
he calls it a “resonator” to emphasize its resonant response to the 
ambient radiation. He is seeking the relation between the intensi- 
ty of radiation K, and the temperature T and frequency v of that 
radiation. This function K, governs the “normal spectrum.” In 
order to find it, his strategy is to find the entropy of that probe- 


resonator in terms of the energy of the surrounding radiation U.] 


p- 87, eq. (48) [Planck’s derivation of eq. (48) in the Fifth Lecture 


can be rendered more intuitive by a dimensional argument. The 
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dimensions of K,,, the specific intensity of radiation for frequen- 
cy v, are energy per cm’. If the resonator has energy U and is in 
equilibrium with the ambient radiation the simplest expression 
having the right dimensions is K, « U/d? = (v’/c?) U, since the 
available length is the wavelength \ = c/v, where c is the speed of 
light. In the Fifth Lecture, a detailed analysis that takes into 
account the electrodynamic effects experienced by an oscillator 
immersed in a radiation field gives exactly this expression. | 


p- 87, eq. (49) [The entropy is dS = dQ/T and in the cavity dQ = 
dU.| 


p. 88, 1. 12 [Planck will calculate the probability associated with 
the resonator having energy U as a result of being bathed in the 
radiation inside the cavity. Then he will calculate the entropy 
associated with this probability (as a function of U and v), and 
this he will put into eq. (49) to find the energy U (as a function of 
v and T). This in turn he will put into eq. (48) to determine K,,.| 


p. 88, 1. 2b-1b [He calls the generalized momentum the “impulse” 
here. | 


p- 89, 1. 9 [These curves are ellipses because they have the form 
x*/a + y’/b’ = 1, where a and b are the semi-major and semi-minor 
axes. In general the area of such an ellipse is tab. Here, a = 


V2U/K and 6 = V 2UL and the area of the ellipse is U/v.] 


p- 90, ll. 1-5 [The assumption that Planck makes is generally 
called the “ergodic hypothesis.” Whether or in what sense it is 
true remains a question. In his form, it asserts that instead of 
averaging the behavior of one resonator over time, one can sub- 
stitute for this the average at one time of many resonators spread 
over space. In another form, it asserts that a system will eventu- 
ally pass through every state it can possibly assume consistent 
with its given total energy (or very close, if “quasi-ergodic”). For 
example, if a box of gas were really an ergodic system, eventual- 
ly all of the molecules would pass through all the positions and 
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speeds allowed by the constancy of the total energy of the gas. If 
this were true, the gas would eventually lose any “memory” of its 
exact initial state (in the course of the random visitation is makes 
of all possible states). Roughly speaking, what is at stake is the 
degree to which the system randomizes away its initial conditions 
(e.g., through the innumerable molecular collisions in a gas). For 


further discussion, see Brush, Heat, vol. 2, pp. 363-385. ] 


p- 90, ll. 8b-2b [Planck has stipulated that only integral multiples 
of the energy element € can “fall upon” (i.e., be found in) a res- 
onator. The N resonators must then share the P available energy 
elements. Note that Planck’s way of writing this is to show by the 
numeral which resonator (i.e., mode of vibration of the cavity) is 
in question, and by the number of times with which it appears 
how many energy elements it has. Thus in his example, 1 1 3 3 3 
4, resonator 1 appears twice and hence has two energy elements, 
number 2 does not appear (and has no energy elements), etc.| 


p- 91, 1. 9 [One might write Planck’s example in this way: 
llee| |eeelel|, in which the divider symbol | separates the energy 
symbols € for each of the different oscillators, numbered from left 
to right (note that oscillator number 2 has no energy elements and 
hence a blank | |). In Planck’s example there are N = 4 oscillators 
and P = 6 energy elements e€ present. Note also that there will 
always be (N-1) divider symbols | when there are N oscillators. 
Now there are (P+N-1) symbols € and | to be found in every 
complexion pertaining to the given state. Since the number of 
simple permutations of n things is given by n!=1 X 2X 3X... 
X (n-1) X nthe (P+N-1) symbols for any state can be found in 
(P+N-1)! simple permutations. But any of the P! permutations 
of the P energy symbols € among themselves do not change the 
complexion of the state, nor do the (N—-1)! permutations of the 
(N-1) dividers among themselves (i.e., just interchanging the 
dividers, not the elements they divide). Thus these factors must be 
divided out of the total number of simple permutations 
(P+N-1)!, yielding Planck’s result, W = (P+N-1)!/(N-1)!P!. 
This witty proof, with its inspired use of the divider | to render 
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transparent the counting of the different cases, is due to Paul 
Ehrenfest (1914); see his Collected Scientific Papers, ed. Martin J. 
Klein (Amsterdam: North-Holland, 1959), pp. 353-356 and 
Klein, Ehrenfest, pp. 255-257. ] 


p: 91, 1. 5b [To obtain the “easy transformation”, divide both 
sides of the expression for S, by N. Then write the logarithms as 
log (N+P) = log N(1+ P/N) = log N + log (1+ P/N) and like- 
wise log P = log N( P/N) = log N + log (P/N). Finally, note that 
P/N = U/hv. To gain a more intuitive understanding of the 
entropy of a single resonator, notice that if the frequency v is 
very low the entropy becomes extremely large. | 


p- 92, 1. 4 [The classical prediction required that the total energy 
be equally distributed among all the possible modes of vibration 
(i.e., different frequencies) in the cavity (the so-called “equiparti- 
tion of energy”). This can be seen as a limiting case of Planck’s 
formula for U; to do this, use the Taylor series e* = 1+x, which is 
good if x < 1, and take x = hv/kT, yielding U = kT when hv < 
kT (the limit of low-energy light radiation). Notice that the clas- 
sical prediction predicts that the intensity should approach infin- 
ity as the frequency v grows (as the light becomes more ultravio- 
let in color). It is clear from simple experiments on black-body 
radiation that the intensity does not rise indefinitely with rising 
frequency. Although Planck was not aware of this in 1909, short- 
ly afterwards in 1911 Ehrenfest drew attention to what he called 
the “ultraviolet catastrophe” that had been implicit in classical 


electrodynamics; see Klein, Ehrenfest, pp. 249-250. ] 
p- 92, eq. (54) [Recall that c = Av and take dv/dd.] 


p- 93, 1. 3 [In 1894 Wilhelm Wien had showed that the energy per 
unit volume of black-body radiation must have the form 
v’G(v/T), where G(v/T) is a function which can only depend on 
the ratio of the frequency v to the temperature T in the cavity. He 
deduced this from Maxwell’s equations and thermodynamics, 
although he could not give the form of this function G. His result 
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implies that the distribution of energy is known for all tempera- 
tures when it has been determined for one temperature. Planck’s 
result gives the exact form of the function G.| 


p- 93, 1. 7 [Lord Rayleigh’s result dates from 1900 and followed 
from a consequence of classical statistical mechanics called the 
principle of equipartition (see note to p. 92, |. 4 above). He real- 
ized that it contradicted Wien’s result and even speculated that 
the “doctrine” of equipartition might fail for “the graver modes” 
of vibration (i.e., those of longer wavelength). To show how 
Rayleigh’s result emerges as an approximation to Planck’s for- 
mula, use again the Taylor series e* = 1+x (x <1), and take x = 
ch/k\XT. Klein has argued that Planck only recognized Rayleigh’s 
result in 1906; see “Planck, Entropy, and Quanta,” pp. 99-101. 
Note also that in making this approximation Planck has only 
included the first term in the expansion U = kT — hv/2 , showing 
that he did not yet recognize the “zero-point energy” hv/2 which 
he later included in his “second theory” of 1912; see P. W. Miloni 
and M.-L. Shih, “Zero-point energy in early quantum theory,” 
American Journal of Physics 59, 684—698 (1991) at 686—688. } 


p. 93, 1. 13 [Josef Stefan first established experimentally in 1879 
that the energy density of black body radiation was aT‘, a result 
confirmed by the thermodynamic arguments of Boltzmann 
(1884). It is especially satisfying that Planck can calculate the 
Stefan-Boltzmann constant, a from the fundamental constants h, 
c, and k. The appearance of the infinite series a results from the 
evaluation of the integral in the total energy density, € = (87/q) 
JK,dv; see F. Reif, Fundamentals of statistical and thermal physics 
(New York: McGraw-Hill, 1965), pp. 622-624.] 


p- 94, 1. 15 [By 1/c Planck denotes what is now called Avogadro’s 
(or Loschmidt’s) number, Ny = 6.023 X 10*.] 


p- 95, 1. 15 [Jeans tried to eliminate h as a necessary component of 
Planck’s theory. He argued that h was introduced as a stopgap in 
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the calculation and that it should be allowed to go to zero. If this 
is done, the classical result is obtained but the total energy in the 
cavity is no longer finite. By 1912 Ehrenfest and Poincaré had 
demonstrated that the quantization E = hv is a necessary as well 
as sufficient condition for the finiteness of the total energy of the 
cavity. At that point Jeans conceded the fundamental significance 
of h, which Planck had sensed from the beginning; see Geoffrey 
Gorham, “Planck’s Principle and Jeans’s Conversion,” Studies in 


History and Philosophy of Science, 22, 471-497 (1991).] 


p- 95, 1. 6b [Here Planck responds to a paper Einstein published 
on March 15, 1909 “On the Present Status of the Radiation 
Problem,” in The Collected Papers of Albert Einstein, ed. John 
Stachel (Princeton: Princeton University Press, 1989), vol. 2, pp. 
541-553 [English translation: pp. 357-375], at 544-548 
[361-371]; Planck elaborated his reaction in a discussion on 
November 10, 1909 (pp. 584-587 [395-398]), upon his return to 
Germany. See Needell, “Irreversibility,” pp. 113-131.] 


SEVENTH LECTURE 
p- 99, 1. 13 [In his work on relativity in 1906 Planck relied on the 


principle of least action to guide his considerations and was the 
first to cast Einstein’s work into this form (PAV 2.176—209). Thus 
although this lecture is not limited to the relativistic case, 
Planck’s considerations here are extremely closely linked to those 
of the succeeding lecture on relativity. See Goldberg, “Planck’s 
Philosophy,” pp. 130—131.] 


p- 107, 1. 4 [But compare p. 97, 1. 11b: “in the final analysis all 
processes are reversible.” Planck’s hesitation about the depth of 
irreversibility shows the complexity of the question in his mind. |] 


EIGHTH LECTURE 


p- 112, 1. 6b [There was practically no response to relativity in 
America before 1908; see Goldberg, Understanding Relativity 
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(Boston: Birkhauser, 1984), pp. 248-251. The year following these 
lectures Planck published a brief popular account of relativity for 
the American audience, “The Mechanical Theory of Nature,” 


Scientific American Supplement 70, 387 (December 17, 1910).] 


p- 119, 1. 18 [Although Planck was the first major physicist to 
advocate Ejinstein’s theory, he hesitated to remove the ether from 
physical theory. During 1906-1908 he tried to apply relativity 
only to the mechanical level of the theory without completely 
abolishing the ether (PAV 2.115—120). However, here he gives his 
first full account of his new understanding of the significance of 
the invariance of the speed of light, as noted by Goldberg, 
“Planck’s Philosophy,” pp. 157-158, n. 116.] 


p- 123, 1. 4b [Planck here is one of the first to draw attention to 
the four-dimensional space-time which Minkowski eloquently 
presented in his 1908 lecture “Space and Time,” reprinted in The 
Principle of Relativity, pp. 75—91.] 


p-. 128, 1. 4b [For Hasendhrl’s work and Planck’s response, see 
Goldberg, “Planck’s Philosophy,” pp. 133-142. ] 


p- 129, 1. 12b [In section 8 of his 1905 electrodynamics paper 
Einstein had noted that “it is remarkable that the energy and the 
frequency of a light complex vary with the state of motion of the 
observer in accordance with the same law” (The Principle of 
Relativity, p. 58). Though this implies the invariance of E/v, 
Planck’s 1907 demonstration of the relativistic invariance of 
action was the first explicit application of relativity to the quan- 
tum theory (PAV 2.176—209). As a consequence, the constant h is 
relativistically invariant. Planck noted that “because of this the- 
orem the significance of the principle of least action is extended 
in a new direction” (PAV 2.198); see Abraham Pais, Subtle is the 
Lord . . . (Oxford: Oxford University Press, 1982), p. 151. Indeed, 
variational principles were invoked at several stages of the “old 
quantum theory” and were a crucial element in Schrédinger’s 
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original derivation of the wave equation; see Yourgrau and 
Mandelstam, Variational Principles, pp. 97-126 and Erwin 
Schrodinger, Four Lectures on Wave Mechanics (London: Blackie & 
Son, 1928), pp. 1-10.] 
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AMATEUR ASTRONOMER’S HANDBOOK, J. B. Sidgwick. Timeless, compre- 
hensive coverage of telescopes, mirrors, lenses, mountings, telescope drives, microm- 
eters, spectroscopes, more. 189 illustrations. 576pp. 5% x 844. (Available in U.S. only.) 

24034-7 Pa. $13.95 


STARS AND RELATIVITY, Ya. B. Zeldovich and I. D. Novikov. Vol. 1 of 
Relativistic Astrophysics by famed Russian scientists. General relativity, properties of 
matter under astrophysical conditions, stars and stellar systems. Deep physical 
insights, clear presentation. 1971 edition. 544pp. 5% x 84. 69424-0 Pa. $14.95 


Chemistry 


CHEMICAL MAGIC, Leonard A. Ford. Second Edition, Revised by E. Winston 
Grundmeier. Over 100 unusual stunts demonstrating cold fire, dust explosions, 
much more. Text explains scientific principles and stresses safety precautions. 
128pp. 5% x 8'4. 67628-5 Pa. $5.95 


THE DEVELOPMENT OF MODERN CHEMISTRY, Aaron J. Ihde. Authorita- 
tive history of chemistry from ancient Greek theory to 20th-century innovation. 
Covers major chemists and their discoveries. 209 illustrations. 14 tables. 
Bibliographies. Indices. Appendices. 851pp. 5% x 8's. 64235-6 Pa. $24.95 


CATALYSIS IN CHEMISTRY AND ENZYMOLOGY, William P. Jencks. 

Exceptionally clear coverage of mechanisms for catalysis, forces in aqueous solution, 

carbonyl- and acyl-group reactions, practical kinetics, more. 864pp. 5% x 84. 
65460-5 Pa. $19.95 


THE HISTORICAL BACKGROUND OF CHEMISTRY, Henry M. Leicester. 
Evolution of ideas, not individual biography. Concentrates on formulation of a coher- 
ent set of chemical laws. 260pp. 5% x 844. 61053-5 Pa. $8.95 


A SHORT HISTORY OF CHEMISTRY (3rd edition), J. R. Partington. Classic 
exposition explores origins of chemistry, alchemy, early medical chemistry, nature of 
atmosphere, theory of valency, laws and structure of atomic theory, much more. 
428pp. 5% x 8'4. (Available in U.S. only.) 65977-1 Pa. $12.95 
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GENERAL CHEMISTRY, Linus Pauling. Revised 3rd edition of classic first-year 
text by Nobel laureate. Atomic and molecular structure, quantum mechanics, statis- 
tical mechanics, thermodynamics correlated with descriptive chemistry. Problems. 
992pp. 5% x 8b. 65622-5 Pa. $19.95 


Engineering 


DE RE METALLICA, Georgius Agricola. The famous Hoover translation of great- 
est treatise on technological chemistry, engineering, geology, mining of early mod- 
ern times (1556). All 289 original woodcuts. 638pp. 6% x 11. 60006-8 Pa. $21.95 


FUNDAMENTALS OF ASTRODYNAMICS, Roger Bate et al. Modern approach 
developed by U.S. Air Force Academy. Designed as a first course. Problems, exer- 
cises. Numerous illustrations. 455pp. 5% x 8’. 60061-0 Pa. $12.95 


DYNAMICS OF FLUIDS IN POROUS MEDIA, Jacob Bear. For advanced stu- 

dents of ground water hydrology, soil mechanics and physics, drainage and irrigation 

engineering and more. 335 illustrations. Exercises, with answers. 784pp. 6/4 x 914. 
65675-6 Pa. $24.95 


ANALYTICAL MECHANICS OF GEARS, Earle Buckingham. Indispensable ref- 
erence for modern gear manufacture covers conjugate gear-tooth action, gear-tooth 
profiles of various gears, many other topics. 263 figures. 102 tables. 546pp. 5% x 8's. 

65712-4 Pa. $16.95 


ADVANCED STRENGTH OF MATERIALS, J. P. Den Hartog. Superbly written 
advanced text covers torsion, rotating disks, membrane stresses in shells, much more. 
Many problems and answers. 388pp. 5% x 8%. 65407-9 Pa. $11.95 


MECHANICS, J. P. Den Hartog. A classic introductory text or refresher. Hundreds 
of applications and design problems illuminate fundamentals of trusses, loaded 
beams and cables, etc. 334 answered problems. 462pp. 5% x 8%. 60754-2 Pa. $13.95 


MECHANICAL VIBRATIONS, J. P. Den Hartog. Classic textbook offers lucid 
explanations and illustrative models, applying theories of vibrations to a variety of 
practical industrial engineering problems. Numerous figures. 233 problems, solu- 
tions, Appendix. Index. Preface. 436pp. 5% x 874. 64785-4 Pa. $13.95 


STRENGTH OF MATERIALS, J. P. Den Hartog. Full, clear treatment of basic 
material (tension, torsion, bending, etc.) plus advanced material on engineering 
methods, applications. 350 answered problems. 323pp. 5% x 8'4. 60755-0 Pa. $10.95 


A HISTORY OF MECHANICS, René Dugas. Monumental study of mechanical 
principles from antiquity to quantum mechanics. Contributions of ancient Greeks, 
Galileo, Leonardo, Kepler, Lagrange, many others. 671pp. 5% x 84. 

65632-2 Pa. $18.95 


STATISTICAL MECHANICS: Principles and Applications, Terrell L. Hill. 
Standard text covers fundamentals of statistical mechanics, applications to fluctuation 


theory, imperfect gases, distribution functions, more. 448pp. 5% x 84. 
65390-0 Pa. $14.95 
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THE VARIATIONAL PRINCIPLES OF MECHANICS, Cornelius Lanczos. 
Classic treatise provides graduate-level coverage of calculus of variations, equations 
of motion, relativistic mechanics, more. 418pp. 54 x 8°. 65067-7 Pa. $14.95 


THE VARIOUS AND INGENIOUS MACHINES OF AGOSTINO RAMELLI: 
A Classic Sixteenth-Century Illustrated Treatise on Technology, Agostino Ramelli. 
One of the most widely known and copied works on machinery in the 16th century. 
194 detailed plates of water pumps, grain mills, cranes, more. 608pp. 9 x 12. 
28180-9 Pa. $24.95 


ORDINARY DIFFERENTIAL EQUATIONS AND STABILITY THEORY: An 
Introduction, David A. Sanchez. Brief, modern treatment. Linear equation, stability 
theory for autonomous and nonautonomous systems, etc. 164pp. 54 x 84. 

63828-6 Pa. $6.95 


ROTARY-WING AERODYNAMICS, W. Z. Stepniewski. Clear, concise text covers 

aerodynamic phenomena of the rotor and offers guidelines for helicopter perfor- 

mance evaluation. Originally prepared for NASA. 537 figures. 640pp. 6% x 94. 
64647-5 Pa. $16.95 


INTRODUCTION TO SPACE DYNAMICS, William Tyrrell Thomson. Com- 
prehensive, classic introduction to space-flight engineering for advanced undergrad- 
uate and graduate students. Includes vector algebra, kinematics, transformation of 
coordinates. Bibliography. Index. 352pp. 5% x 84. 65113-4 Pa. $10.95 


HISTORY OF STRENGTH OF MATERIALS, Stephen P. Timoshenko. Excellent 
survey with many references to the theories of elasticity and structure. 245 figures. 
452pp. 5% x 84. 61187-6 Pa. $14.95 


CONSTRUCTIONS AND COMBINATORIAL PROBLEMS IN DESIGN OF 
EXPERIMENTS, Damaraju Raghavarao. In-depth reference work examines 
orthogonal Latin squares, incomplete block designs, tactical configuration, partial 
geometry, much more. Abundant explanations, examples. 416pp. 5% x 814. 

65685-3 Pa. $10.95 


Mathematics 


HANDBOOK OF MATHEMATICAL FUNCTIONS WITH FORMULAS, 
GRAPHS, AND MATHEMATICAL TABLES, edited by Milton Abramowitz and 
Irene A. Stegun. Vast compendium: 29 sets of tables, some to as high as 20 places. 
1,046pp. 8 x 104. 61272-4 Pa. $29.95 


CALCULUS REFRESHER FOR TECHNICAL PEOPLE, A. Albert Klaf. Covers 
important aspects of integral and differential calculus via 756 questions. 566 prob- 
lems, most answered. 43lpp. 5% x 84. 20370-0 Pa. $9.95 


ASYMPTOTIC EXPANSIONS OF INTEGRALS, Norman Bleistein & Richard A. 
Handelsman. Best introduction to important field with applications in a variety of sci- 
entific disciplines. New preface. Problems. Diagrams. Tables. Bibliography. Index. 
448pp. 5% x 84. 65082-0 Pa. $13.95 
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FAMOUS PROBLEMS OF GEOMETRY AND HOW TO SOLVE THEM, 
Benjamin Bold. Squaring the circle, trisecting the angle, duplicating the cube: learn 
their history, why they are impossible to solve, then solve them yourself. 128pp. 
5% x 84. 24297-8 Pa. $6.95 


VECTOR AND TENSOR ANALYSIS WITH APPLICATIONS, A. I. Borisenko 
and I. E. Tarapov. Concise introduction. Worked-out problems, solutions, exercises. 
257pp. 5% x 844. 63833-2 Pa. $10.95 


THE ABSOLUTE DIFFERENTIAL CALCULUS (CALCULUS OF TENSORS), 
Tullio Levi-Civita. Great 20th-century mathematician’s classic work on material nec- 
essary for grasp of theory of relativity. 452pp. 5% x 84. 63401-9 Pa. $14.95 


AN INTRODUCTION TO ORDINARY DIFFERENTIAL EQUATIONS, Earl 
A. Coddington. A thorough and systematic first course in elementary differential 
equations for undergraduates in mathematics and science, with many exercises and 
problems (with answers). Index. 304pp. 5% x 8%. 65942-9 Pa. $9.95 


FOURIER SERIES AND ORTHOGONAL FUNCTIONS, Harry F. Davis. An 
incisive text combining theory and practical example to introduce Fourier series, 
orthogonal functions, and applications of the Fourier method to boundary-value 
problems. 570 exercises. Answers and notes. 416pp. 5% x 84. 65973-9 Pa. $13.95 


COMPUTABILITY AND UNSOLVABILITY, Martin Davis. Classic graduate- 
level introduction to theory of computability, usually referred to as theory of recur- 
rent functions. New preface and appendix. 288pp. 5% x 84. 61471-9 Pa. $8.95 


ASYMPTOTIC METHODS IN ANALYSIS, N. G. de Bruijn. An inexpensive, com- 
prehensive guide to asymptotic methods—the pioneering work that teaches by 
explaining worked examples in detail. Index. 224pp. 5% x 8%. — 64221-6 Pa. $9.95 


ESSAYS ON THE THEORY OF NUMBERS, Richard Dedekind. Two classic 
essays by great German mathematician: on irrational numbers; and on transfinite 
numbers and properties of natural numbers. 115pp. 5% x 8. 21010-3 Pa. $6.95 


APPLIED COMPLEX VARIABLES, John W. Dettman. Step-by-step coverage of 
fundamentals of analytic function theory—plus lucid exposition of five important 
applications: Potential Theory; Ordinary Differential Equations; Fourier Transforms, 
Laplace Transforms; Asymptotic Expansions. 66 figures. Exercises at chapter ends. 
512pp. 5% x 8'4. 64670-X Pa. $14.95 


INTRODUCTION TO LINEAR ALGEBRA AND DIFFERENTIAL EQUA- 
TIONS, John W. Dettman. Excellent text covers complex numbers, determinants, 
orthonormal bases, Laplace transforms, much more. Exercises with solutions. 
Undergraduate level. 416pp. 5% x 8%. 65191-6 Pa. $12.95 


MATHEMATICAL METHODS IN PHYSICS AND ENGINEERING, John W. 
Detiman. Algebraically based approach to vectors, mapping, diffraction, other topics 
in applied math. Also generalized functions, analytic function theory, more. 
Exercises. 448pp. 5% x 84. 65649-7 Pa. $12.95 
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COMPLEX VARIABLES, Francis J. Flanigan. Unusual approach, delaying com- 
plex algebra till harmonic functions have been analyzed from real variable view- 
point. Includes problems with answers. 364pp. 54 x 8%. 61388-7 Pa. $10.95 


AN INTRODUCTION TO THE CALCULUS OF VARIATIONS, Charles Fox. 

Graduate-level text covers variations of an integral, isoperimetrical problems, least 

action, special relativity, approximations, more. References. 279pp. 5% x 8'4. 
65499-0 Pa. $10.95 


CATASTROPHE THEORY FOR SCIENTISTS AND ENGINEERS, Robert 
Gilmore. Advanced treatment describes mathematics of theory grounded in the work 
of Poincaré, R. Thom, other mathematicians. Also important applications to prob- 
lems in mathematics, physics, chemistry, and engineering. 1981 edition. xvii + 
666pp. 6% x 9%. 67539-4 Pa. $17.95 


INTRODUCTION TO DIFFERENCE EQUATIONS, Samuel Goldberg. Excep- 
tionally clear exposition of important discipline with applications to sociology, psy- 
chology, economics. Many illustrative examples; over 250 problems. 260pp. 5% x 84. 

65084-7 Pa. $10.95 


UNBOUNDED LINEAR OPERATORS: Theory and Applications, Seymour 
Goldberg. Classic presents systematic treatment of the theory of unbounded linear 
operators in normed linear spaces with applications to differential equations. 
Bibliography. 199pp. 5% x 84. 64830-3 Pa. $7.95 


NUMERICAL METHODS FOR SCIENTISTS AND ENGINEERS, Richard 
Hamming. Classic text stresses frequency approach in coverage of algorithms, poly- 
nomial approximation, Fourier approximation, exponential approximation, other 
topics. Revised and enlarged 2nd edition. 721pp. 5% x 8’. 65241-6 Pa. $17.95 


POPULAR LECTURES ON MATHEMATICAL LOGIC, Hao Wang. Noted logi- 
cian’s lucid treatment of historical developments, set theory, model theory, recursion 
theory and constructivism, proof theory, more. 3 appendixes. Bibliography. 1981 edi- 
tion. ix + 283pp. 5% x 84. 67632-3 Pa. $10.95 


INTRODUCTION TO NUMERICAL ANALYSIS (2nd Edition), F. B. Hilde- 
brand. Classic, fundamental treatment covers computation, approximation, inter- 
polation, numerical differentiation and integration, other topics. 150 new problems. 
669pp. 5% x 8%. 65363-3 Pa. $16.95 


THE FUNCTIONS OF MATHEMATICAL PHYSICS, Harry Hochstadt. 
Comprehensive treatment of orthogonal polynomials, hypergeometric functions, 
Hill's equation, much more. Bibliography. Index. 322pp. 5% x 84. 65214-9 Pa. $12.95 


THREE PEARLS OF NUMBER THEORY, A. Y. Khinchin. Three compelling 
puzzles require proof of a basic law governing the world of numbers. Challenges con- 
cern van der Waerden’s theorem, the Landau-Schnirelmann hypothesis and Mann’s 
theorem, and a solution to Waring’s problem. Solutions included. 64pp. 5% x 84. 
40026-3 Pa. $4.95 
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THE PHILOSOPHY OF MATHEMATICS: An Introductory Essay, Stephan 
Korner. Surveys the views of Plato, Aristotle, Leibniz, and Kant concerning proposi- 
tions and theories of applied and pure mathematics. Introduction. Two appendices. 
Index. 198pp. 5% x 874. 25048-2 Pa. $8.95 


INTRODUCTORY REAL ANALYSIS, A.N. Kolmogorov and S. V. Fomin. Self- 
contained, evenly paced introduction to real and functional analysis. Some 350 prob- 
lems. 403pp. 5% x 84. ~ 61226-0 Pa. $12.95 


APPLIED ANALYSIS, Cornelius Lanczos. Classic work on analysis and design of 
finite processes for approximating solution of analytical problems. Algebraic equa- 
tions, matrices, harmonic analysis, quadrature methods, much more. 559pp. 5% x 8'4. 

65656-X Pa. $16.95 


AN INTRODUCTION TO ALGEBRAIC STRUCTURES, Joseph Landin. Superb 
self-contained text covers “abstract algebra”: sets and numbers, theory of groups, the- 
ory of rings, much more. Numerous well-chosen examples, exercises. 247pp. 5% x 814. 

65940-2 Pa. $10.95 


SPECIAL FUNCTIONS, N. N. Lebedev. Famous Russian work treating more 
important special functions, with applications to specific problems of physics and 
engineering. 38 figures. 308pp. 5% x 8’. 60624-4 Pa. $12.95 


QUALITATIVE THEORY OF DIFFERENTIAL EQUATIONS, V. V. Nemytskii 
and V. V. Stepanov. Classic graduate-level text by two prominent Soviet mathemati- 
cians covers classical differential equations as well as topological dynamics and 
ergodic theory. Bibliographies. 523pp. 5% x 8'4. 65954-2 Pa. $14.95 


NUMBER THEORY AND ITS HISTORY, Oystein Ore. Unusually clear, accessi- 
ble introduction covers counting, properties of numbers, prime numbers, much 
more. Bibliography. 380pp. 5% x 874. 65620-9 Pa. $10.95 


THEORY OF MATRICES, Sam Perlis. Outstanding text covering rank, nonsingu- 
larity, and inverses in connection with the development of canonical matrices under 
the relation of equivalence, and without the intervention of determinants. Includes 
exercises. 237pp. 5% x 84. 66810-X Pa. $8.95 


INTRODUCTION TO ANALYSIS, Maxwell Rosenlicht. Unusually clear, accessi- 
ble coverage of set theory, real number system, metric spaces, continuous functions, 
Riemann integration, multiple integrals, more. Wide range of problems. 


Undergraduate level. Bibliography. 254pp. 5% x 8°. 65038-3 Pa. $9.95 
MODERN NONLINEAR EQUATIONS, Thomas L. Saaty. Emphasizes practical 
solution of problems; covers seven types of equations. “. . . a welcome contribution 
to the existing literature...."—Math Reviews. 490pp. 5% x 814. 64232-1 Pa. $13.95 


MATRICES AND LINEAR ALGEBRA, Hans Schneider and George Phillip 
Barker. Basic textbook covers theory of matrices and its applications to systems of lin- 
ear equations and related topics such as determinants, eigenvalues and differential 
equations. Numerous exercises. 432pp. 5% x 8%. 66014-1 Pa. $12.95 
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MATHEMATICS APPLIED TO CONTINUUM MECHANICS, Lee A. Segel. 
Analyzes models of fluid flow and solid deformation. For upper-level math, science 
and engineering students. 608pp. 5% x 8's. 65369-2 Pa. $18.95 


ELEMENTS OF REAL ANALYSIS, David A. Sprecher. Classic text covers funda- 
mental concepts, real number system, point sets, functions of a real variable, Fourier 
series, much more. Over 500 exercises. 352pp. 5% x 8's. 65385-4 Pa. $11.95 


AN INTRODUCTION TO MATRICES, SETS AND GROUPS FOR SCIENCE 
STUDENTS, G. Stephenson. Concise, readable text introduces sets, groups, and 
most importantly, matrices to undergraduate students of physics, chemistry, and 
engineering. Problems. 164pp. 5% x 8%. 65077-4 Pa. $7.95 


SET THEORY AND LOGIC, Robert R. Stoll. Lucid introduction to unified theory 
of mathematical concepts. Set theory and logic seen as tools for conceptual under- 
standing of real number system. 496pp. 5% x 84. 63829-4 Pa. $14.95 


TENSOR CALCULUS, J. L. Synge and A. Schild. Widely used introductory text 
covers spaces and tensors, basic operations in Riemannian space, non-Riemannian 
spaces, etc. 324pp. 5% x 84. 63612-7 Pa. $11.95 


ORDINARY DIFFERENTIAL EQUATIONS, Morris Tenenbaum and Harry 
Pollard. Exhaustive survey of ordinary differential equations for undergraduates in 
mathematics, engineering, science. Thorough analysis of theorems. Diagrams. 
Bibliography. Index. 818pp. 5% x 844. 64940-7 Pa. $19.95 


CHALLENGING MATHEMATICAL PROBLEMS WITH ELEMENTARY 
SOLUTIONS, A. M. Yaglom and I. M. Yaglom. Over 170 challenging problems on 
probability theory, combinatorial analysis, points and lines, topology, convex poly- 
gons, many other topics. Solutions. Total of 445pp. 5% x 8%. Two-vol. set. 
Vol. I: 65536-9 Pa. $8.95 
Vol. II: 65537-7 Pa. $8.95 


INTEGRAL EQUATIONS, F. G. Tricomi. Authoritative, well-written treatment of 
extremely useful mathematical tool with wide applications. Volterra Equations, 
Fredholm Equations, much more. Advanced undergraduate to graduate level. 
Exercises. Bibliography. 238pp. 5% x 81. 64828-1 Pa. $8.95 


FOURIER SERIES, Georgi P. Tolstov. Translated by Richard A. Silverman. A valu- 
able addition to the literature on the subject, moving clearly from subject to subject 
and theorem to theorem. 107 problems, answers. 336pp. 5 x 8%. 63317-9 Pa. $11.95 


DISTRIBUTION THEORY AND TRANSFORM ANALYSIS: An Introduction to 
Generalized Functions, with Applications, A. H. Zemanian. Provides basics of distri- 
bution theory, describes generalized Fourier and Laplace transformations. Numerous 
problems. 384pp. 5% x 814. 65479-6 Pa. $13.95 


CALCULUS OF VARIATIONS, Robert Weinstock. Basic introduction covering 
isoperimetric problems, theory of elasticity, quantum mechanics, electrostatics, etc. 
Exercises throughout. 326pp. 5% x 8/4. 63069-2 Pa. $9.95 
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THE CONTINUUM: A Critical Examination of the Foundation of Analysis, 
Hermann Weyl. Classic of 20th-century foundational research deals with the con- 
ceptual problem posed by the continuum. 156pp. 5% x 8%. 67982-9 Pa. $8.95 


A SURVEY OF NUMERICAL MATHEMATICS, David M. Young and Robert 
Todd Gregory. Broad self-contained coverage of computer-oriented numerical algo- 
rithms for solving various types of mathematical problems in linear algebra, ordinary 
and partial, differential equations, much more. Exercises. Total of 1,248pp. 5% x 8'4. 
Two volumes. % Vol. I: 65691-8 Pa. $16.95 

Vol. II: 65692-6 Pa. $16.95 


INTRODUCTION TO PARTIAL DIFFERENTIAL EQUATIONS WITH 
APPLICATIONS, E. C. Zachmanoglou and Dale W. Thoe. Essentials of partial dif- 
ferential equations applied to common problems in engineering and the physical sci- 
ences. Problems and answers. 416pp. 5% x 8'4. 65251-3 Pa. $11.95 


THE THEORY OF GROUPS, Hans J. Zassenhaus. Well-written graduate-level text 
acquaints reader with group-theoretic methods and demonstrates their usefulness in 
mathematics. Axioms, the calculus of complexes, homomorphic mapping, p-group 
theory, more. Excellent proofs. 276pp.5% x 81. 40922-8 Pa. $12.95 


GENERALIZED INTEGRAL TRANSFORMATIONS, A.H. Zemanian. Graduate- 

level study of recent generalizations of the Laplace, Mellin, Hankel, K. Weierstrass, 

convolution and other simple transformations. Bibliography. 320pp. 5% x 8's. 
65375-7 Pa. $8.95 


Math-Decision Theory, Statistics, Probability 


PROBABILITY: An Introduction, Samuel Goldberg. Excellent basic text covers set 
theory, probability theory for finite sample spaces, binomial theorem, much more. 
360 problems. Bibliographies. 322pp. 5% x 8%. 65252-1 Pa. $11.95 


ELEMENTARY DECISION THEORY, Herman Chernoff and Lincoln E. 
Moses. Clear introduction to statistics and statistical theory covers data process- 
ing, probability and random variables, testing hypotheses, much more. Exercises. 
364pp. 5% x 814, 65218-1 Pa. $12.95 


STATISTICS MANUAL, Edwin L. Crow et al. Comprehensive, practical collection 
of classical and modern methods prepared by U.S. Naval Ordnance Test Station. 
Stress on use. Basics of statistics assumed. 288pp. 5% x 8'4. 60599-X Pa. $8.95 


SOME THEORY OF SAMPLING, William Edwards Deming. Analysis of the 
problems, theory, and design of sampling techniques for social scientists, industrial 
managers, and others. xvii + 602pp. 5% x 844. 64684-X Pa. $16.95 


STATISTICAL ADJUSTMENT OF DATA, W. Edwards Deming. Introduction to 
basic concepts of statistics, curve fitting, least squares solution, conditions without para- 


meter, conditions containing parameters. 26 exercises worked out. 271pp. 5% x 8. 
64685-8 Pa. $9.95 
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LINEAR PROGRAMMING AND ECONOMIC ANALYSIS, Robert Dorfman, 
Paul A. Samuelson, and Robert M. Solow. First comprehensive treatment of linear 
programming in standard economic analysis. Game theory, modern welfare eco- 
nomics, Leontief input-output, more. 525pp. 5% x 8's. 65491-5 Pa. $17.95 


DICTIONARY/OUTLINE OF BASIC STATISTICS, John E. Freund and Frank J. 
Williams. A clear concise dictionary of over 1,000 statistical terms and an outline of 
statistical formulas covering probability, nonparametric tests, much more. 208pp. 
5% x 814. 66796-0 Pa. $8.95 


GAMES AND DECISIONS: Introduction and Critical Survey, R. Duncan Luce, 
and Howard Raiffa. Superb nontechnical introduction to game theory, primarily 
applied to social sciences. Utility theory, zero-sum games, n-person games, decision- 
making, much more. Bibliography. 509pp. 5% x 8%. 65943-7 Pa. $14.95 


FIFTY CHALLENGING PROBLEMS IN PROBABILITY WITH SOLUTIONS, 
Frederick Mosteller. Remarkable puzzlers, graded in difficulty, illustrate elementary 
and advanced aspects of probability. Detailed solutions. 88pp. 5% x 8's. 

65355-2 Pa. $5.95 


OPTIMIZATION THEORY WITH APPLICATIONS, Donald A. Pierre. Broad 
spectrum approach to important topic. Classical theory of minima and maxima, cal- 
culus of variations, simplex technique and linear programming, more. Many prob- 
lems, examples. 640pp. 5% x 8'4. 65205-X Pa. $17.95 


PROBABILITY THEORY: A Concise Course, Y. A. Rozanov. Highly readable, 
self-contained introduction covers combination of events, dependent events, 
Bernoulli trials, etc. 148pp. 5% x 8%. 63544-9 Pa. $8.95 


STATISTICAL METHOD FROM THE VIEWPOINT OF QUALITY CON- 
TROL, Walter A. Shewhart. Important text explains regulation of variables, uses of 
statistical control to achieve quality control in industry, agriculture, other areas. 
192pp. 5% x 844. 65232-7 Pa. $8.95 


THE COMPLEAT STRATEGYST: Being a Primer on the Theory of Games of 
Strategy, J. D. Williams. Highly entertaining classic describes, with many examples, 
how to select best strategies in conflict situations. 268pp. 5% x 8%. 25101-2 Pa. $9.95 


Math-Geometry and Topology 


ELEMENTARY CONCEPTS OF TOPOLOGY, Paul Alexandroff. Elegant, intu- 
itive approach to topology from set-theoretic topology to Betti groups; how concepts 
of topology are useful in math and physics. 57pp. 5% x 87. 60747-X Pa. $4.95 


COMBINATORIAL TOPOLOGY, P. S. Alexandrov. Clearly written, well-orga- 
nized, three-part text begins by dealing with certain classic problems without using 
the formal techniques of homology theory and advances to the central concept, the 
Betti groups. Numerous detailed examples. 654pp. 5% x 8/2. 40179-0 Pa. $18.95 
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EXPERIMENTS IN TOPOLOGY, Stephen Barr. Classic, lively explanation of one 
of the byways of mathematics. Klein bottles, Moebius strips, projective planes, map 
coloring, problem of the Koenigsberg bridges, much more, described with clarity 
and wit. 43 figures. 210pp. 5% x 814. 25933-1 Pa. $8.95 


THE GEOMETRY OF RENE DESCARTES, René Descartes. The great work 
founded analytical geometry. Original French text, Descartes’s own diagrams, togeth- 
er with definitive Smith-Latham translation. 244pp. 5% x 844. 60068-8 Pa. $9.95 


THE THIRTEEN BOOKS OF EUCLID’S ELEMENTS, translated with introduc- 
tion and commentary by Sir Thomas L. Heath. Definitive edition. Textual and lin- 
guistic notes, mathematical analysis. 2,500 years of critical commentary. Unabridged. 
1,414pp. 5% x 84. Three-vol. set. Vol. I: 60088-2 Pa. $11.95 
Vol. II: 60089-0 Pa. $10.95 

Vol. IIT: 60090-4 Pa. $12.95 


CONFORMAL MAPPING ON RIEMANN SURFACES, Harvey Cohn. Lucid, 
insightful book presents ideal coverage of subject. 334 exercises make book perfect 
for self-study. 55 figures. 352pp. 5% x 8%. 64025-6 Pa. $11.95 


DIFFERENTIAL GEOMETRY, Heinrich W. Guggenheimer. Local differential 
geometry as an application of advanced calculus and linear algebra. Curvature, trans- 
formation groups, surfaces, more. Exercises. 62 figures. 378pp. 5% x 84. 

63433-7 Pa. $11.95 


CURVATURE AND HOMOLOGY: Enlarged Edition, Samuel I. Goldberg. 
Revised edition examines topology of differentiable manifolds; curvature, homology 
of Riemannian manifolds; compact Lie groups; complex manifolds; curvature, 
homology of Kaehler manifolds. New Preface. Four new appendixes. 416pp. 5% x 8/4. 

40207-X Pa. $14.95 


TOPOLOGY, John G. Hocking and Gail S. Young. Superb one-year course in clas- 
sical topology. Topological spaces and functions, point-set topology, much more. 
Examples and problems. Bibliography. Index. 384pp. 5% x 8%. 65676-4 Pa. $11.95 


THE FOUR-COLOR PROBLEM: Assaults and Conquest, Thomas L. Saaty and 
Paul G. Kainen. Engrossing, comprehensive account of the century-old combinator- 
ial topological problem, its history and solution. Bibliographies. Index. 110 figures. 
228pp. 5% x 8b. 65092-8 Pa. $7.95 


GEOMETRY OF COMPLEX NUMBERS, Hans Schwerdtfeger. Illuminating, 
widely praised book on analytic geometry of circles, the Moebius transformation, 
and two-dimensional non-Euclidean geometries. 200pp. 5% x 8%. 63830-8 Pa. $8.95 


LECTURES ON CLASSICAL DIFFERENTIAL GEOMETRY, Second Edition, 
Dirk J. Struik. Excellent brief introduction covers curves, theory of surfaces, funda- 
mental equations, geometry on a surface, conformal mapping, other topics. 
Problems. 240pp. 5% x 8’. 65609-8 Pa. $9.95 
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A SHORT ACCOUNT OF THE HISTORY OF MATHEMATICS, W. W. Rouse 
Ball. One of clearest, most authoritative surveys from the Egyptians and Phoenicians 
through 19th-century figures such as Grassman, Galois, Riemann. Fourth edition. 
522pp. 5% x 8. 20630-0 Pa. $13.95 


THE HISTORY OF THE CALCULUS AND ITS CONCEPTUAL DEVELOP- 
MENT, Carl B. Boyer. Origins in antiquity, medieval contributions, work of Newton, 
Leibniz, rigorous formulation. Treatment is verbal. 346pp. 54 x 814. 60509-4 Pa. $9.95 


THE HISTORICAL ROOTS OF ELEMENTARY MATHEMATICS, Lucas N. H. 
Bunt, Phillip S. Jones, and Jack D. Bedient. Fundamental underpinnings of modern 
arithmetic, algebra, geometry and number systems derived from ancient civiliza- 
tions. 320pp. 5% x 814. 25563-8 Pa. $9.95 


GAMES, GODS & GAMBLING: A History of Probability and Statistical Ideas, F. 
N. David. Episodes from the lives of Galileo, Fermat, Pascal, and others illustrate this 
fascinating account of the roots of mathematics. Features thought-provoking refer- 
ences to classics, archaeology, biography, poetry. 1962 edition. 304pp. 54 x 8%. 
(Available in U.S. only.) 40023-9 Pa. $9.95 


HISTORY OF MATHEMATICS, David E. Smith. Nontechnical survey from 
ancient Greece and Orient to late 19th century; evolution of arithmetic, geometry, 
trigonometry, calculating devices, algebra, the calculus. 362 illustrations. 1,355pp. 
5% x 8%. Two-vol. set. Vol. I: 20429-4 Pa. $13.95 

Vol. II: 20430-8 Pa. $14.95 


A CONCISE HISTORY OF MATHEMATICS, Dirk J. Struik. The best brief his- 
tory of mathematics. Stresses origins and covers every major figure from ancient 
Near East to 19th century. 41 illustrations. 195pp. 5% x 8%. 60255-9 Pa. $8.95 


Meteorology 


PRINCIPLES OF METEOROLOGICAL ANALYSIS, Walter J. Saucier. Highly 
respected, abundantly illustrated classic reviews atmospheric variables, hydrostatics, 
static stability, various analyses (scalar, cross-section, isobaric, isentropic, more). For 
intermediate meteorology students. 454pp. 6'4 x 944. 65979-8 Pa. $14.95 


LIGHTNING, Martin A. Uman. Revised, updated edition of classic work on the 
physics of lightning. Phenomena, terminology, measurement, photography, spec- 
troscopy, thunder, more. Reviews recent research. Bibliography. Indices. 320pp. 
5h x 844, 64575-4 Pa. $10.95 


Physics 


OPTICAL RESONANCE AND TWO-LEVEL ATOMS, L. Allen and J. H. Eberly. 
Clear, comprehensive introduction to basic principles behind all quantum optical 
resonance phenomena. 53 illustrations. Preface. Index. 256pp. 5% x 844. 

65533-4 Pa. $10.95 
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ULTRASONIC ABSORPTION: An Introduction to the Theory of Sound 
Absorption and Dispersion in Gases, Liquids and Solids, A. B. Bhatia. Standard ref- 
erence in the field provides a clear, systematically organized introductory review of 
fundamental concepts for advanced graduate students, research workers. Numerous 
diagrams. Bibliography. 440pp. 5% x 8%. 64917-2 Pa. $11.95 


QUANTUM THEORY, David Bohm. This advanced undergraduate-level text pre- 
sents the quantum theory in terms of qualitative and imaginative concepts, followed 
by specific applications worked out in mathematical detail. Preface. Index. 655pp. 
5% x 84. 65969-0 Pa. $15.95 


ATOMIC PHYSICS (8th edition), Max Born. Nobel laureate’s lucid treatment of 
kinetic theory of gases, elementary particles, nuclear atom, wave-corpuscles, atomic 
structure and spectral lines, much more. Over 40 appendices, bibliography. 495pp. 
5% x 8'h. 65984-4 Pa. $14.95 


AN INTRODUCTION TO HAMILTONIAN OPTICS, H. A. Buchdahl. Detailed 
account of the Hamiltonian treatment of aberration theory in geometrical optics. 
Many classes of optical systems defined in terms of the symmetries they possess. 
Problems with detailed solutions. 1970 edition. xv + 360pp. 5% x 8%. 

67597-1 Pa. $10.95 


THIRTY YEARS THAT SHOOK PHYSICS: The Story of Quantum Theory, 
George Gamow. Lucid, accessible introduction to influential theory of energy and 
matter. Careful explanations of Dirac’s antiparticles, Bohr’s model of the atom, much 
more. 12 plates. Numerous drawings. 240pp. 5% x 844. 24895-X Pa. $8.95 


ELECTRONIC STRUCTURE AND THE PROPERTIES OF SOLIDS: The 
Physics of the Chemical Bond, Walter A. Harrison. Innovative text offers basic 
understanding of the electronic structure of covalent and ionic solids, simple metals, 
transition metals, and their compounds. Problems. 1980 edition. 582pp. 6% x 9%. 
66021-4 Pa. $19.95 


HYDRODYNAMIC AND HYDROMAGNETIC STABILITY, S. Chandrasekhar. 
Lucid examination of the Rayleigh-Benard problem; clear coverage of the theory of 
instabilities causing convection. 704pp. 5% x 84. 64071-X Pa. $17.95 


INVESTIGATIONS ON THE THEORY OF THE BROWNIAN MOVEMENT, 
Albert Einstein. Five papers (1905-8) investigating dynamics of Brownian motion 
and evolving elementary theory. Notes by R. Fiirth. 122pp. 5% x 814. 

60304-0 Pa. $5.95 


THE PHYSICS OF WAVES, William C. Elmore and Mark A. Heald. Fine overview 
of classical wave theory. Acoustics, optics, electromagnetic radiation, more. Ideal as 
classroom text or for self-study. Problems. 477pp. 5% x 8/4. 64926-1 Pa. $14.95 


PHYSICAL PRINCIPLES OF THE QUANTUM THEORY, Werner Heisenberg. 
Nobel Laureate discusses quantum theory, uncertainty, wave mechanics, work of 
Dirac, Schroedinger, Compton, Wilson, Einstein, etc. 184pp. 5% x 8%. 

60113-7 Pa. $8.95 
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ATOMIC SPECTRA AND ATOMIC STRUCTURE, Gerhard Herzberg. One of 
best introductions; especially for specialist in other fields. Treatment is physical 
rather than mathematical. 80 illustrations. 257pp. 5% x 84. 60115-3 Pa. $7.95 


AN INTRODUCTION TO STATISTICAL THERMODYNAMICS, Terrell L. 

Hill. Excellent basic text offers wide-ranging coverage of quantum statistical mechan- 

ics, systems of interacting molecules, quantum statistics, more. 523pp. 5% x 84. 
65242-4 Pa. $14.95 


THEORETICAL PHYSICS, Georg Joos, with Ira M. Freeman. Classic overview 
covers essential math, mechanics, electromagnetic theory, thermodynamics, quan- 
tum mechanics, nuclear physics, other topics. First paperback edition. xxiii+885pp. 
5% x Bib. 65227-0 Pa. $24.95 


BOUNDARY VALUE PROBLEMS OF HEAT CONDUCTION, M. Necati 
Ozisik. Systematic, comprehensive treatment of modern mathematical methods of 
solving problems in heat conduction and diffusion. Numerous examples and prob- 
lems. Selected references. Appendices. 505pp. 5% x 8%. 65990-9 Pa. $12.95 


PROBLEMS AND SOLUTIONS IN QUANTUM CHEMISTRY AND 
PHYSICS, Charles S. Johnson Jr. and Lee G. Pedersen. Unusually varied problems, 
detailed solutions in coverage of quantum mechanics, wave mechanics, angular 
momentum, molecular spectroscopy, scattering theory, more. 280 problems plus 139 
supplementary exercises. 430pp. 6' x 9%. 65236-X Pa. $14.95 


THEORETICAL SOLID STATE PHYSICS, Vol. 1: Perfect Lattices in 
Equilibrium, Vol. 11: Non-Equilibrium and Disorder, William Jones and Norman H. 
March. Monumental reference work covers fundamental theory of equilibrium 
properties of perfect crystalline solids, nonequilibrium properties, defects, and dis- 
ordered systems. Appendices. Problems. Preface. Diagrams. Index. Bibliography. 
Total of 1,301 pp. 5% x 8%. Two volumes. Vol. I: 65015-4 Pa. $16.95 

Vol. II: 65016-2 Pa, $16.95 


A TREATISE ON ELECTRICITY AND MAGNETISM, James Clerk Maxwell. 
Important foundation work of modern physics. Brings to final form Maxwell’s 
theory of electromagnetism and rigorously derives his general equations of field 
theory. 1,084pp. 5% x 8%. Two-vol. set. Vol. I: 60636-8 Pa. $14.95 

Vol. II: 60637-6 Pa. $14.95 


OPTICKS, Sir Isaac Newton. Newton’s own experiments with spectroscopy, colors, 
lenses, reflection, refraction, etc., in language the layman can follow. Foreword by 
Albert Einstein. 532pp. 5% x 8's. 60205-2 Pa. $13.95 


THEORY OF ELECTROMAGNETIC WAVE PROPAGATION, Charles Herach 
Papas. Graduate-level study discusses the Maxwell field equations, radiation from 
wire antennas, the Doppler effect and more. xiii + 244pp. 5% x 8%. 65678-0 Pa. $9.95 


METHODS OF THERMODYNAMICS, Howard Reiss. Outstanding text focuses 
on physical technique of thermodynamics, problem areas, and significance and use 
of thermodynamic potential. 1965 edition. 238pp. 5% x 84. 69445-3 Pa. $8.95 
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INTRODUCTION TO QUANTUM MECHANICS With Applications to 
Chemistry, Linus Pauling and E. Bright Wilson Jr. Classic undergraduate text by 
Nobel Prize winner applies quantum mechanics to chemical and physical problems. 
Numerous tables and figures enhance the text. Chapter bibliographies. Appendices. 
Index. 468pp. 5% x 84. 64871-0 Pa. $13.95 


TENSOR ANALYSIS FOR PHYSICISTS, J. A. Schouten. Concise exposition of 
the mathematical basis of tensor analysis, integrated with well-chosen physical exam- 
ples of the theory. Exercises. Index. Bibliography. 289pp. 5% x 844. 

65582-2 Pa. $13.95 


RELATIVITY IN ILLUSTRATIONS, Jacob T. Schwartz. Clear nontechnical treat- 
ment makes relativity more accessible than ever before. Over 60 drawings illustrate 
concepts more clearly than text alone. Only high school geometry needed. 
Bibliography. 128pp. 6% x 9%. 25965-X Pa. $7.95 


THE ELECTROMAGNETIC FIELD, Albert Shadowitz. Comprehensive under- 
graduate text covers basics of electric and magnetic fields, builds up to electromag- 
netic theory. Also related topics, including relativity. Over 900 problems. 768pp. 
5% x BA. 65660-8 Pa. $19.95 


GREAT EXPERIMENTS IN PHYSICS: Firsthand Accounts from Galileo to 
Einstein, edited by Morris H. Shamos. 25 crucial discoveries: Newton’s laws of 
motion, Chadwick’s study of the neutron, Hertz on electromagnetic waves, more. 
Original accounts clearly annotated. 370pp. 5% x 8’. 25346-5 Pa. $12.95 


RELATIVITY, THERMODYNAMICS AND COSMOLOGY, Richard C. 
Tolman. Landmark study extends thermodynamics to special, general relativity; 
alsoapplications of relativistic mechanics, thermodynamics to cosmological models. 
501pp. 5% x 84. 65383-8 Pa. $15.95 


LIGHT SCATTERING BY SMALL PARTICLES, H. C. van de Hulst. Compre- 
hensive treatment including full range of useful approximation methods for 
researchers in chemistry, meteorology and astronomy. 44 illustrations. 470pp. 5% x 814. 

64228-3 Pa. $14.95 


STATISTICAL PHYSICS, Gregory H. Wannier. Classic text combines thermody- 
namics, statistical mechanics and kinetic theory in one unified presentation of ther- 
mal physics. Problems with solutions. Bibliography. 532pp. 5% x 8's. 

65401-X Pa. $14.95 
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THE DEVELOPMENT OF X-Ray ANALYSIS, Sir Lawrence Bragg. (67316-2) $8.95 
SURVEY OF PHYSICAL THEORY, Max Planck. (67867-9) $7.95 
INTRODUCTION TO HAMILTONIAN Optics, H.A. Buchdahl. (67597-1) $10.95 


METHODS OF QUANTUM FIELD THEORY IN STATISTICAL Puysics, A.A. Abrikosov 
et al. (63228-8) $9.95 


ELECTRODYNAMICS AND CLASSICAL THEORY OF FIELDS AND PARTICLES, A.O. Barut. 
(64038-8) $7.95 


QUANTUM THEORY, David Bohm. (65969-0) $14.95 

ATOMIC PuysIcs (8TH EDITION), Max Born. (65984-4) $12.95 

EINSTEIN’S THEORY OF RELATIVITY, Max Born. (60769-0) $9.95 

MATHEMATICS OF CLASSICAL AND QUANTUM Physics, Frederick W. Byron, Jr. 
and Robert W. Fuller. (67164-X) $18.95 

MEcuanics, J.P. Den Hartog. (60754-2) $11.95 

INVESTIGATIONS ON THE THEORY OF THE BROWNIAN MOVEMENT, Albert Einstein. 
(60304-0) $5.95 

THE PRINCIPLE OF RELATIVITY, Albert Einstein, et al. (60081-5) $6.95 
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THERMODYNAMICS, Enrico Fermi. (60361-X) $6.95 

INTRODUCTION TO MODERN Optics, Grant R. Fowles. (65957-7) $11.95 

DIALOGUES CONCERNING Two NEw SCIENCES, Galileo Galilei. (60099-8) $8.95 

Group THEORY AND ITS APPLICATION TO PHYSICAL PROBLEMS, Morton 
Hamermesh. (66181-4) $12.95 

ELECTRONIC STRUCTURE AND THE PROPERTIES OF SOLIDS: THE PHYSICS OF THE 
CHEMICAL Bonb, Walter A. Harrison. (660214) $16.95 

SOLID STATE THEORY, Walter A. Harrison. (63948-7) $14.95 

PHYSICAL PRINCIPLES OF THE QUANTUM THEORY, Werner Heisenberg. 
(60113-7) $6.95 

ATOMIC SPECTRA AND ATOMIC STRUCTURE, Gerhard Herzberg. (60115-3) $7.95 

AN INTRODUCTION TO STATISTICAL THERMODYNAMICS, Terrell L. Hill. (65242-4) 
$12.95 

OPTICS AND OPTICAL INSTRUMENTS: AN INTRODUCTION, B.K. Johnson. (60642-2) 
$6.95 


THEORETICAL SOLID STATE Puysics, VOLS. I & II, William Jones and Norman 
H. March. (65015-4, 65016-2) $33.90 


Paperbound unless otherwise indicated. Prices subject to change with- 
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MAx PLANCK 


In 1909 the great German physicist and Nobel Prize winner Max Planck (1858-1947) 
delivered a series of eight lectures at Columbia University giving a fascinating overview 
of the new state of physics, which he had played a crucial Ain in bringing about. 


The first, third, fifth and sixth lectures present his account of the revolutionary devel- 
opments occasioned when he first applied the quantum hypothesis to blackbody radia- 
tion. The reader is given an invaluable opportunity to witness Planck’s thought process- 
es both on the level of philosophical principles as well as their application to physical 
processes on the microscopic and macroscopic scales. 


In the second and fourth lectures Planck shows how the new ideas of statistical mechan- 
ics transformed the understanding of chemical physics. The seventh lecture discusses 
the principle of least action, while the final one gives an account of the theory of special 
relativity, of which Planck had been an early champion. 


These lectures are especially important since they reflect Planck’s reconsiderations and 
rethinking of his original discovery of quantum theory. A new Introduction by Peter 
Pesic places this book in historical perspective among Planck's works and those of his 
contemporaries. Now available in this inexpensive edition, it will be of particular inter- 
est to students of modern physics and of the philosophy and history of science. 


WNL DAI 


Unabridged Dover (1998) republication of the work published by Columbia Univ ersity 


Press, New York, 1915. New Introduction and Notes by Peter Pesic. 4 text figures. 
160pp. 5% x 8%. Paperbound. 
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ALSO AVAILABLE 
ATOMIC Puysics (8th edition), Max Born. 495pp. 5% x 8/4. 65984-4 Pa. $14.95 
A SURVEY OF PHysicaL THEORY, Max Planck. 128pp. 5% x 8%. 67867-9 Pa. $7.95 
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